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1. INTRODUCTION

REPSIL* is a FORTRAN IV computer program developed at the BRL to
treat the large transient deformations of anelastic shells under blast
loadings. The program uses the finite difference technique to solve the
equations governing the motion of thin Kirchhoff shells of negligible
rotational inertia. These equations are derived in a recent BRL report
[1]**. That report, which also treats more general Kirchhoff shells,
constitutes the theoretical documentation for REPSIL. The present
report is a companion user's rnanual.

The equations on which REPSIL is based impose certain restrictions
on the types of shells and deformations that can be treated. As already
mentioned, only thin Kirchhoff shells of negligible rotational inertia
can be treated. Moreover, as presently formulated, the program can only
handle shells of uniform th..ckness having no cutouts, stiffeners, or
bifurcations. On the other hand, the formulation does treat the geometric
nonliaearities due to large displacements exactly.

Within the limits of the above geometric restrictions, REPSIL can
accept a wide variety of initial shell geometries. This is made possible
by the finite different formulation being coded independent of any
particular initial geometry. Hence, accommodating any initial geometry
simply entails programming it into the initial geometry subroutine
according to the instructions contained in Chapter 6. The current
version of REPSIL comes with initial geometry subroutines for the
rectangular plate, the cylindrical shell and the conical shell; Section
2.3 contains instructions for their use.

The program also can accept arbitrary distributions over the shell
surface of initial impulse velocities and time varying pressures. The
minor programming necessary to specify such distributions is described
in Chapter 6. Presently, initial velocities at mesh points and over
rectangular regions of the shell surface can be specified on input
cards without need of programming, as detailed in Section 3.2.

REPSIL can simulate a L'umber of boundary conditions along the four
edges bounding the shell. Three edges can have any combination of
clamped or hinged boundary conditions. The remaining edge and two of
the previous edges can be edges constrained to move in symmetry planes
of the problem. The boundary conditions are described in detail in
Section 3.2, where the procedure for selecting them is given.

* Response of Elastic-Plastic Shells to Impulsive Loadings

** Numbers in brackets correspond to the list of references on page
126.

Prechding page blank 19

i -j



REPSIL can model a variety of anelastic material responses, although
the present version is limited to isotropic materials. Within that limit-
ation, the response can be either completely elastic or elastoplastic.
In the elas3ic range the behavior is linear. The plastic response can
be perfect or strain hardening and in either case it *.an be made strain
rate dependent. Section 3.2 gives the precedure for eliciting these
material properties.

A useful feature of the code is the automatic determination of an
optimum, stable time increment. RBPSIL Uses an explicit finite difference
approximation to the equations of motion; as is well known, such explicit
schemes are subject to numerical instability unless the size of the time
increment is limited to some maximum increment. The REPSIL program
initially computes such a maximum increment based on criteria given in
Section 2.2 and then uses this increment or the increment specified
by the initial data (see Section 3.2), whichever is smaller, for the
(cor~stant) time increment used to generate the solution. Hence, a
stable solution is guaranteed.

The program~ is provided with a damping option that permits the rapid
attainment of final deformed configurations by numerically damping out
the motion of the shell. Damping is mainly achieved through the artifice
of automatically annihilating the kinetic energy whenever it reaches
a local maximum. Details on this procedure are given in Section 2.4.
while instructions for executing the option are in Section 3.2.

REPSIL comes equipped with a number of print options for outputting
results of the calculations at regular intervals. Printed out are such
local measures of the deforma~tion as the displacements and surface strains,
and such global measures as the kinetic energy, strain energy and plastic
work. There is also a companion plotting program that at regular intervals
draws isometric and cross-sectional views of the deforming shell and that
graphs time histories of the printed measures of deformations just
mentioned. The output options are described in Chapter 4 and illustrated
by example problems in Chapter S. Appendi,'x D contains a description and
a listing of the plotting program.

This report is organized as follows: Chapter 2 presents the as-
sumptions and equations of the REPSIL formulation and outlines the
computational algorithm used to solve the equations; Chapter 3 describes
the input data, shows how to initiate and continue a problem and select
the various options, and gives rules-of-thumb for estimating the memory
and machine time requirements for a problem; Chapter 4 describes the
various output data generated by REPSIL and the formats in which they
are printed; Chapter 5 gives two example problems, describing how they
are set up and the kind of output data generated; Chapter 6 gives
instructions for programming arbitrary loadings and initial geometries.
Chapter 3, 4 and 5 contain the necessary information to run the program
as listed in Appendix E, with the associated loading and initial geometry
subroutines. A user desiring to model other loadings or initial geometries
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should read Chapter 6 for prograuming instructions. Such a user would
find a reading of Chapter 2 useful as background. On thi other hand,
the analyst or programmer who intends to make extensive changes in the
formulation or numerics of the program would do well to thoroughly
study Chapter 2 before proceeding to the study of Appendix E with the
aid of Appendix C, the list of program variables.

2, DESCRIPTION OF PROGRAM

2.1 Synopsis 3f Program

REPSIL treats the transient deformation of shells by approximating
the initial value problem with an expliuit nonlinear finite difference
scheme. The finite difference equations are solved at eaca time increment
to update the deformation variables. This procedure is repeated
cyclically in order to generate the tiume history of the deformation.
This chapter presents the equations of the REPSIL formulation and
describes the computational algorithm by which REPSIL solves them.

The formulation is based on equations that use a material or
Lagrangian description: the dependent variables of the theory are

functions of no *, the material coordinates of the middle surface of
the sheli; moreover variables defined outside the middle surface also
depend upon ;, the normal distance from the middle surface **. All
variables are functions of t, the time.

Some comments on the physical significance of the material coordinates
of the middle surface are in order. For simple initial geometries, the
middle surface material coordinates often have significance as distances,
arc lengths, or angles ***; however, this need not be the case, not even
for simple geometries. It is better to regard the material coordinates
abstractly as a pair of parameters defining the position of the middle
surface in space. In other words, the material coordinates serve as
parameters for the parametric representation of the middle surface in

space. That the parameters no are also material coordinates simply
means that as the image of the middle surface changes in space as a

function of time, the pair of values no associated with a given material
particle on the middle surface does not change, but remains fixed.

* •idex notation is used, with Greek indices ranging over the integers
1 and 2; hence, n- 1 2

** The concept of material coordinates fo- a shell is defined more
precisely in [1].

*** For example, see the cases of the flat plate, cylindrical shell
and conical shell in Section 3.2.
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The finite difference scheme is obtained by making the dependent

variables of the theory discrete functions of nI1 , 2, ;, t. Discretizing

the dependence on no makes the dependent variables functions of the
intersection points of the two dimensional rectangular mesh resulting

from the division of the domain of no into increments (see Figure 3.1
and 6.1); more precisely, the variables become functions of th4 mesh
number pair (mn), the integer pair corresponding to the mesh intersection

whose coordinates no satisfy the relations

n = m A1 n1 I 2 , n ÷ n2 (2.1)
00

with 4n4 constant increments of the coordinates and n the coordinates
of a conveniently chosen origin. 0

The dependence cn ; is made discrete by conceptually dividing the
shell into K layer of equal thickness. Within each layer those
variables defined outside the middle surface are assumed constant with
respect to c. Numbering each layer in sequence, k - 1, -..K, the
variables become functions of the layer number k, as well as functions
of (m,n). When needed, the value of • in each layer is taken to be
its mid-layer value:

*-(k - K+l h k - 1, '..K, (2.2)

where h is the thickness of the shell.

The principal reason for making the dependence on C discrete is in
order to model the variations of the stresses through the thickness. For,
while the functional form of the Ctpendence of the strains on C is
prescribed by the Kirchhoff hypothc•is *, no such simplification is
possible for the stresses. Plasticity makes the a pAoi4i determination
of the dependence of the stresses on ý not feasible.

Strain hardening behavior is modelled using the "mechanical sublayer
model" **: the stress tensor at a point is assummed to be a weighted sum
of J "sublayer" stress tensors or, more simply, J "substress" tensors,
with each sublayer obeying che same linear incremental stress-strain
relation, but having different yield stresses. Using this model, there
will be K stress tensor values at each mesh point (m,n) and JxK substress
tensor values.

SCf equation (2.15) of this report.

** This method of modelling strain hardening behavior lias been developed
and extensively used at the Aeroelastiu and Structure Research Lab.
of MIT. A detailed description of the method is given in [2; Sect.
S.4.2].

22

U



The dependence on t, the time, is made discrete by replacing time
derivatives by equivalent finite difference operators. As already
mentioned, an explicit finite difference scheme *-esults. The scheme
characterizes the change undergone by the dependent variables during a
time interval At. A constant time interval is used, which is automati-
cally determined by the program to assure numerical stability.

The basic function of the finite difference scheme is to advance
the values of the following fundamental variables.

* yi(m,n)*, the Cartesia•a coordinates of the middle surface atmesh point (m,n);

* ni(m,n), the Cartesian components of the unit normal to the
middle surface at mesh point (m,n);

e Au-(m~n), the Cartosian components of the displacement increment
undergone by the middle surface at mesh point (m,n) during the
time interval At;

a (m.n,k), the contravariant components of the stress tensor
(or, in the case of strain hardening, th4 substress tensor)
tangential to the middle surfact at mesh point (m,n) at layer
(or sublayer) station k.

The dependence of the variables on (m,n) or (m,n,k) is indicated explicitly
to emphasi., that their values are stvred as 2- and 3-dimensional arrays
in the program. Frnm these fundamental variables all the other dependent
variaLle, of the, theory cre determined.

For the s3ke of cOari•y,) the description of the computationcl
algorithnm used by REPSIL i; separated into four groups of calculations:

9 !nitialization calr'ulatio:1s,

e Fivi~te d-iPfer)nn:ce calculations,

* Energy calculations,

Surface strains calculations.

Within each group the descriptioi, is organized by units of calculations.
Units can occur within the main program or as subroutiaes. In the latter
case, the subroutine description, which follows the subroutine name, is
indented. When a subroutine occurs within a subroutine, the description

*Latin indices indicate Cartesian components in Euclidean 3-space and
range over the integers 1, 2, and 3.
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of the embedded subroutine is further indented. All subroutine names

are complately capitalized.

2.2 Initialization Calculations

The initialization calculations determine the program .onstants
and the initial values of the dependent variables from the input data,
The flow chart in Figure 2.1 summarizes the calculations, whc se de-
scription follows.

START Figure 2.2 outlines this subroutine. The input data, including
material properties, is read into storage and program constants
are calculated. The minimum and maximum values of the mesh
numbers are determined from the boundary conditions. Subroutine
INGEOM is nallod within this subroutine.

INGEOM This subroutine generates the initial geometi-y of the
shell. First, the A"mensions characterizing the part-
icular geometry bei. , treated are read off the input

cards. Next, the finite difference increments Ana are
calculated. Finally, the subroutine computs the initial

Cartesian coordinates y i(m,n) of the middle surface and
stores the resulting arrays. The user not finding a
suitable geometry among those described in Section 3.2
(flat plate, cylinder or cone)is referred to Section
6.4 for instructions on programming initial geometries.

Returning to START, the program calculates the interpolation
coeffienents at locations where STRAIN * computes the surface
strains and the mesh number of the mesh point bracketing these
locations. Next, a stable time interval At is Zound from the
criteria

2_ 1c _E
M(An 2)2 '1 (2.3)

1 I 
I

At a2 1) 4 + -lsv 2
14F 21 12 22An~1h ()n)4 28(•An) j

These criteria result from a von Neumann stability analysis of
an elastic flat piate **; AtM is the maximum stab:. interval

for membrane motion and AtB for bending motion. The program

• Subroutine STRAIN is described in Section 2.5.
** A report describing this analysis is being prepared.
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Figur3 2.2 Flow Chart for Subroutine START
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selects for use in the finite difference calculations the
minimum of AtM, atB and the At prescribed in the input data.

The subroutine ends with the calculation of the remaining
programi constants, most of which require for their determination
the values of An, computed in INGEOM.

The main program next determines whether the problem being solved
is a new one, starting from an initial (stress-free) configuration at
time to 0 U or a continuation of a problem whose solution up to some

time t > U has already been calculated, called a restart problem or,

simply, a restart. If it is a restart, subroutine WRTAPE is called in
order to read data off the restart tape, after which subroutine PDATA
Is called and the initialization calculations end (see Figure 2.1).

WRTAPE Depending on the instructions of the main program, this sub-
routine either rea. off or writes on a tape, the restart

tape, the values of the fundamental variables y n Au and

o0 , the surface strains and the energy variables at time step
prescribed by the initial data. This information is sufficient
to permit the program to continue the solution of the problem
from any of the prescribed time steps. During the initialization
portion of the program this subroutine reads this Information
off the tape and during the finite difference portion it stores
the information.

PDATA This subroutine stores on a tape, the plotting tape, the data
required by the REPSIL plotting program. A description of these
data are given in Section 4.2. Appendix D de3cribes and lists
the plotting program.

If, on the ocher hand, the program is tr **ing a now problem, WRTAPE is
not called at all and PDATA is not call antil later (see Figure 2.1).
Rather, for a new problem the program a teds to generate the infor-
mation otherwise obtained fromh WRTAPE.

As discussed in Section 3.2. the program treats symmetric defor-
mations about one or two planes. For such deformations, the shell

i
variables, in particular the middle surface coordinates y , are
symmetrically distributed about symmetry planes. The program imposes
this condition numerically by relating the coordinates one mesh spacing
outside the symmetry edge to the coordinates one mesh spacing inside

2 3the edge. Typically, for the symmetry plane located in the y , y
coordinate plane And intersecting the middle surface along the curve
with mesh number m (see Figures 3.6 - 3.8 where m = 2) these relations
arc
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yl(m-ln) =-yl(m+l,n)

y2 (m-ln) y2 (m+l n)

y3(m-l,n) - y (m+ln)

yl (m,n) - 0, (2.4)

for all &•lowable n.

The initial time to, kinetic energy T, strain energy V, damping

wcrk W and external work W are next set equal to zero. This is

followed oy the arrays for the displacement increments Au1, the pressure
P, the tangentral strain components ea and the tangential stress

components all being cleared to zero. If pressure loads are acting on
the shell, the initial pressure distribution is obtained from subroutine
PRESS, whose description is postponed until Section 2.3. If no pressure
loads are acting, the program ski*ps PRESS and goes directly to DGEOM.
DGEOM is described in Section 2.3, where it is shown that at this point in

the program it is called in order to calculate the normal n , the

2½
augmented pressure P*, the time constant At /(a. ro) an, the initial

values of t*e torior a and b Next the program goes to STRAIN where

'. the values of a., 'and b are interpolated to give the metric tensor G

on the boviding" iu'faces of the shell; the deailt of this calculation
are givaný in Section 2.5.

The remainder 'of the' initialization calcu.ations are concerned with

obtaining the initial, values of .the di slacemenZ increment atirays Au (m,n)
and,the a5sociated values of the kilnevic, onergy T and external work W.
The initial displacement increments can, rise in three ways: (1) from an
initial impulse velocity.distribution; -(2) from an initial pressure
distribution or (3) from a combination o• ýoch. Should they be due to
an initial velocity distribution or comhinhtion, th program calls 26NVEL.

INVEL This subroutine determines the magnitude of the initial velocity

v at each mesh point and multiplies this by the normal n (i,n)
to give the initial velocity distribution:

i. , n" n(m,n). J 25

The initial velocity magnitudes can either be r.,ad off input
data cards, as shown in Section 3.2, or the user can program
aR analytical expression for these magnitudes, a3 shown in
Section 6.2.
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The program then calculates the displacement increments due to the
initial velocity distribution

Au1 (m,n) -v (m,n) At (2.6)

and proceeds to subroutine BOUNDU. This subroutine, described in Section
2.3. adjusts the displacement increments one mesh space in from clamped
edge boundaries so that clamped edge conditions are satisfied and also
generates the displacement increment one mesh sacing outside symmetry
boundaries from the values one mesh spacing inside, using equations

for Au very much like (2.3) for y . Next the kinetic energy T
associated with the initial displacement increment distribution is
determined in subroutine KINET, described in Section 2.4. If there is

ino initial pressure distribution, the displacement increments Au (m,n)
and kinetic energy just determined are associated with the time interval
from to - 0 to tI = At and the initialization calculations terminate

with the calling of subroutine PDATA. On the other hand, if the shell
is also subjected to an initial pressure distribution, the displacement

increments Aul(m,n) and kinetic energy T just determined are associated

with the time interval from t - - At to t = 0 * and the external

work due to the pressure distribution acting on the displacement increments
just determined is computed in subroutine PWORK, described in Section 2.4.
The program then proceeds to calculate the displacement increments for
the time interval (to, t,] using an equation which is nothing more than

the equation of motion (2.35) with the stresses set equal to zero: "

2
1 i. AtAuo = Au - t2 P* n (2.7)

.. r
0 0

with Au• and Au the displacement increments for the time intervals

S[to, tl] and [t_, to], respectively. When there is no initial
impulse velocity distribution, but only a pressure distribution the
program goes from STRAIN to directly computing the displacement increments
for the interval [to, tl] using (2.7), with, however, the displacement

"_ _ _

* The reason that the displacement increments were previously associated
with the time interval [to, t0 ] rather than the interval [t_,, to] is

that with no pressure acting and the shell being stress free at the
time to, the displacement increments are the same for both intervals.I0
On the other hand, a pressure distribution at time t will cause the

displacement increments for [to, tl] to change from those for ft- to].
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increments for [t 1l, to] set equal to zero.

Again, the new Aui are adjusted in BOUNDU to satisfy clamped edge
and symmetry edge conditions and the additional external work resulting
for the initial pressure distribution azting on the displacement incre-
ments for the interval (to, ty] is computed in PWORK. Lastly, the

kinetic energy during the time interval [to, t1] is calculated in KINET

and the program proceed to P)ATA where information is gathered for the
plotting program. With this last operation the initialization calcu-
lation end and the program proceeds to the finite difference calculational
loop.

2.3 Finite Difference Calculations

The finite difference calculations follow the initialization
calculations and are repeated each time step. They solve the finite
difference equations for the current values of the fundamental variables.

In this way, the values of these variables are advanced each time step
and the history of the deformation is generated.

Aside from minor simplifications in notation, the finite difference
equations presented in this section are identical with those given in
(1; Sect. 7.3]. They are written in compact form with only finite time
derivatives being shown explicitly; finite differences with respect

to material coordinates n4 are symbolically represented by their
corresponding partials. At interior points and along symmetry botmd-
aries the program uses central difference operators, while along hinged
and clamped boundaries it uses forward or backward difference operator,
all operators being of order IAnaI 2 accuracy *.

Figure 2.3 outlines the finite difference calculations. They
comprise a sequence or, better still, a loop of calculations, which, as
already mentioned, are repeated every time step. The description of
this loop begins after 9-1 time steps have elapsed, at the generic
time t- = (L-1) At. The values of the middle surface coordinates,
the normal to the middle surface and the tangential stress or substress
component are assumed known at this time and are denoted by appending~~subscripted mnssigns: Y• i a

Smius.,n- and a-. Also the components of the
displacement increment for the next time interval, from the time t
(1-1) At to the time t = fAt, are known and are denoted simply as

iAu . Using these values of the fundamental variables, the finite
difference calculations generate suceeding values of the fundamental

• Appendix A summarizes the explicit forms of these operators.
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variable yi, ni, caL and Aui at the time t - LAt as follows.

First the time is updated:

t a t + At , (2.8)

and checked against a prescribed maximum, t If the maximum is

exceeded, then the solution has progresses to completic" and calculations
stop. Otherwise, the program checks as to whether thez, is a pressure
loading acting on the shell at this timie; if there is then the program
calls subroutines PRESS, POSITN, DGEOM, STRAIN, MOTION, PDATA and
DAMP in that order; if not, it skips PRESS and calls the remainder of
the sequence.

PRESS This subroutine supplies the values of pressure at mesh inter-
section points for the given time and stores them in the array
P(m,n). The user is expected to supply this information either
by programming some analytical expression for the pressure, as
outlined in Section 6.3, or by generating a tape with this data
in numerical form.

POSITN This subroutine simply calculates the coordinates of the middle
surface at the current time t using the formula 1

i ii
y Y + Au , (2.9)

storing the values in the arrays y (m,n).

DGEOM This subroutine is summarized in Figure 2.4. It begins by
calling subroutine GRAD.

GRAD This subroutine, using appropriate finite difference
operators, determines the first and second gradients of

yi and Aui with respect to the material coordinates no:

S2 2iffi~~ ~ iy , Y fi@a

(2.10)

i2 ii Au I a Auff

After GRAD the program stores the preceding values of the c,-

punents of the normal ni for later use in calculating strain

increments. From the first and second gradient of y the program
determines the differential geometric quantities characterizing
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the current position of the middle surface: the covariant com-
ponents of the metric %, the second fundamental tensor b,

and the current normal ni, and also the determinant a of the
metric as follows.

i i* 2
a •l Y0 , a= all a22 (a12)

(2.11)
i ijkyj k i i

n =e YV 2 /a b a Y

ijk
where e is the permutation symbol.** Next, the pressure
distribution is modified for use in the equation of motion:

P* a p. (2.12)

The remainder of the subroutine's calculations depend on the time.
Since initially the shell is assumed to be in a stress-free state,
there is no need to calculate the stress field in DGEOM. Rather,
the subroutine determines certain time constants and stores these
for later use: -t2/(a2 r0) is calculated for use in the equations

of motion and the expression for the kinetic energy and the initial
values of a,, and b,, at prescribed mesh points are selected using

subroutine ABINIT for use in STRAIN, as described in Section 2.5.
At all subsequent times, the subroutine calculates the stress field
and other stress related quantities as follows. First, the con-
travariant components aa of the metric, the Christoffel symbols
r and the mixed components b• of the second fundamental tensor

are calculated:
11 12 22

a a a2 2 /a, a -a 12 /a,

(2.13)
Y Y6 i i a6

a' Y )'y , b a ~b6OUa• 6 Ys 'bs-

We introduce the summation convention: terms or products of terms

having the same index appearing twice are to be summed over the range
of the index. In the case of repeated Latin indices both will be
superscript since their basis is Cartesian, while repeated Greek
indices will always appear as paired superscript and subscript.

** That is, eijk = 1 for i, j, k an even permutation of 1,2,3; -1 for
i, j, k an odd permutation; = 0 for i, j, k non-distinct.
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I!
Next the incremental changes ia a 0 and b due to the incremental

idisplacement Au are determined:

Au u-fl a AnAAn -n ui An ... n
cn - a' I ni i

ii in i

Aa0• 0 au a U a U (2.14)

[Y

Ab n. U + r 01 An + bA An.

These expressions are exact with no approximations based on the

smallness of Au being used. The corresponding increments under-
gone oy the tangential strain components caa at the station c(k)

distant from the middle surface are then calculated using the
k.quation

AC i Aaa -8bB (2.15)

This equation is based on the thin shell approximation *. Sub-
routine STRESS follows.

STRESS The principal function of this subroutine, outlined in
Figure 2.5. is to calculate the current stress or sub-
stress component from their preceding values and the
incremental change in the strain component. Calculations

begin by evaluating the metric g and inverse gQ

for the lamella 4 distance from the middle surface:

a - 2ab g= g - (g1 2 )2~~2 b• - 2 91 9 l 22

11 12 , g22 (2.16)

g g2 2 /g g =--g' 2 /g • g-lg*2

With these terms evaluated, the mixed components of the
incremental strain and preceding stress are immediately

obtained:

g J a g9 6  a- (2 .17)

Next, assuming that the incremental deformation is elastic,

the increments in the stress c:omponents '-re calculated
using th,." linear isotrut,_c Iaw:

" Cf K•; Scc•. '.:j.
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Aa (AEC + - ) . (2.18)

an the case of strain hardening, Al are elastic
8

increments in the substress components and are the
same for each layer. These increments are added to
the preceding values to give the components of a trial
stress or substress

To 01 Ema + A00 . (2.19)

The trial stress is tested against the yield function

03 TaT 1 To2 2 (2.20)

where a0 is the uniaxial yield stress or, in the case

of strain hardening, the yield substress; for rate'
sensitive behavior a is assumed to depend on -Uie

0

second invariant of the strain rate deviator:1

a a 1( + 1 (2.21)0° •o (static)E [1P()1],(.1

with
1 3 a  ) 2 2 ]1

A=E -2 (2.22)

To
If 0() < o, then the trial stress is on or within

the yield surface and its components define acceptable

values for the current stress components a ao •

Hence, the stress increment is indeed elastic and the
calculations for a plastic stress increment are skip-
ped, the program proceeding directly to (2.29) below.
On the other hand, if4(To) > o, then the trial stress

is outside the yield surface and, hence, unacceptable.
In this case, the subroutine determines a correction
to the trial stress due to plastic flow. First, the
components of a corrector stress ar( determined:

) 01
o 3 (1-vo . -1'1-2v)0 6 (2.Zy

-' ".



The corrector stress gives the direction in stress space
Toin which to apply a correction to c in order to bring

the resultant stress components

Sa T A(224)

back to the yield surface, so that

This gives a quadratic equation in AX

2A A 2 B &A + C 0, (2.26)

where
Do Do oDA -a 0a M lTdo CI

B C 227)

T T I TTo 2 2
CCo 0Q0- T 3o a

which the program solves for the smallest positive value
of tAX:

A 8-(B2 _ AQ (2.28)

With 4A known, current stres, or substress components
are determined from (2.24) and are then put into con-
travariant form

a = g 06 a. (2.29)

6 .

If A turns out to be negative or complex, then the subroutine uses

a procedure described in [3; Sect. IV), which divides the elastic

increment components A into L elastic subincrements and applys a

correction to each step such that &A is always positive.
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In the case of strain hardening, a weighted sum of the
substress components of the layer is taken to obtain
the layer stress components before being put in
contravariant form. The subroutine finishes by
computing the contribution to the strain enprgy of
the current stress using (2.39) of Section :.4 and
returning to DGEOM.

Next, the components of strain at prescribed locations on
the bounding surfacei oi the shell are evaluated using (2.SS as
explained in Section 2.S. Subroutines RESULT and SYMTRY are
called next.

RESULT This subroutine numerically integrates the stress
components (note: not the substress components) and
their moments through the thickness to give components
of the membrane and bending resultants:

Qel- al' (1-t by) At

k y826 6

From these components the subroutine determines the
components of the stress re3ultant:

Ni Qa i +rQy iN y M n . (2.31)

SYMTRY This subroutine imposes the symmetry edge conditions

on ni, M40 and NiO relating the values of these
variables one mesh spacing outside the symmetry edge
to their values one mesh spacing inside. Typically,

for the symmetry plane located in the y2 y3 coordinate
plane and intersecting the middle surface along the m
equals a constant curve these relations are:

n 1(m-l,n) •-nlI m~l,n),

n (m-l,n) n2 (m4l,n) (2.32)

n 3(m-l,n) n3 (m+l,n)
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12 12

M 2 2(m-lsn) 4412 (M+l0n) * 2.3

iMI2 (mml ln))

N11 (m-lon) N (m~ln)

N2 1 (m-l,n) •-N 21(mln)

N3 1 (m-l.n) .- N3 l(m~l,n)

(2.34)
12 12

N(cm-ln) - -N (m~l,n) ,

22 22
N (m-l,n) a N (m4ln)

N3 2 (m-ln) N32 (m+ln)

for all admissible n. These relations as well as relations
for other symmetry plane locations used in the program are
derived in [1; Sect. 6.4 and App. B].

Returning to DGEOM, the program determines the strain energy by
summing the contribution of each mesh point and layer as described
in Section 2.5. This ends DGEOM and calculations return to the
main program.

Next, the strain components at selected points on the bounding
surfaces are determined in subroutine STRAIN, as described in Section
2.5, after which subroutine MOTION is called.

MOTION This subroutine is summarized in Figure 2.6. Its principal

function is to determine the values Au+ of the components of
the displacement increments undergone by the middle surface in
the time interval [t, t + At]. First a check is performed to
determine whether a pressure distribution is currently acting
on the shell. If a pressure distribution is acting, then
subroutine PWORK, which is described in Section 2.4, is called
in order to determine the contribution to the external work of

the pressure acting through the displacement increments Aui of
the time interval [t - Lt, t]. With no pressure loads acting,
the subroutine skips PWORK and proceeds directly to determine

Aul from the finite difference form of the equations of motion
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As indicated 'eirlier, the partials appearing in the right hand
side of these equations represent finite difference derivatives.
These equations do net coincide with those given in [1; Eq. (7.381)

due to the addition of the term D A2+ At representing a linear

viscous damping effect. However, this damping teim only appears
when the damping option is used otherwise, the term is set equal
to zero. Next, subroutine BOUNDU is called.

BOUNDU This subroutine generates the additional values of Au•+

need along symmetry edges and modifies the values of
V, i

Au+ along clamped edges so that clamped edge conditions
are satisified. As already described in subroutine
SYMTRY, the values of variables one mesh spacing outside

a s)mmetry edge are related to their values one mesh

spacing in. The conditions imposed on Au+ are similar to

those impcsed on y in (2.4): for the symmetry plane2~ 3
.located in the y. y coordinate plane intersecting the
middle surface along the m equals a constant curve

-. Au+ (m-l,n) = -Au+ (m+l,n) ,

2 2Au+ (m-l,n) a Au+ (m+l,n) (2.36)

3 3Au+ (m-l,n) Au- (m+l:n)

Au1(Mn) = 0*

for all admissible n. Along clamped edges the components

of the normal n must remained fixed at their initial
values. This condition is achieved by adjusting Au'+
one mesh spacing in from the clamped edge so that its
component in tht direction of the edge normal is 1/4

the value of the corresponding component of Aut two
mesh spacings in from the edge. This adjustment guarantees
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that the tangent to the middle surface at a clamped

edge, which is computed using a one-sided finite derivative,
will always lie in a fixed plane perpendicular to the
original normal. Typically, for a clamped edge fixed in

3 1the y , y1 coordinate plane intersecting the middle surface
along a curve with fixed mesh number n, the relations used
are

Auu (mnl) Au (m,n+l) - Au n (mn) (2.37)

where

Aun = n3 (m,n) [Auj (m,n+l) - (m,n+2)] (2.38)

and Au* are the unadjusted components of the displacement
increments one mesh spacing in from the clamped edge as
obtained from the equations of motion.

The remainder of MOTION is concerned with energy calculations,
the details of which are covered in Section 2.4. Briefly, the

ikinetic energy due to Au. is calculated and, if there is a

pressure loading, the portion of the external work due Au+ is
also calculated. Then the total external work is computed and
finally the energy dissipated I. plasticity is determined.

Returning to the main program, see Figure 2.3, the next subroutine
called is PDATA, which is described in Section 2.2. Following PDATA,
subroutine DAMP is called in order to compute the energy removed by
the damping, as described in Section 2.4. A check is next performed
to determine if information for a restart should be collected by
subroutine WRTAPE at this time step. If no restart information need
be gathered, then the finite difference calculational loop is complete;
otherwise, WRTAPE and PDATA are called, again corpleting the finite
difference loop. This sequence of calculation has generated new values

y , n , a and Au4 of the fundamental variables from the old values
ii i.y_, n, a_ and Au ; the solution has been advanced a time step.

2.4 Energy Calculations

The energy calculations and the finite difference calculations are
performed concurrently. The energy calculations use the results of the
finite difference calculations to determine the current values of the
kinetic energy, the strain energy, the external (pressure) work and the
plastic work (i.e. the euergy dissipated by plasticity). When the damping
option is used, they also determine the energy removed by damping, called
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the damping work. The energy calculations have no influence on the finite
difference calculations and, hence, on the solution, except when the
damping option is employed. This section presents the equations and
procedure used in the REPSIL energy calculations; a theoretical report
justifying the use of these will be forthcoming shortly.

Because the energy calculations are embedded in the finite dif-
ferent calculations, the flow chart, Figure 2.3, used in describing the
latter calculation still pertains and will be referred to in the discussion
that follows.

The first calculation performed is for the strain energy. Immediately

after the current values of the mixed components of stress 08 are computed

in STRESS, Figure 2.5, the strain energy density * per unit material
coordinate volume at mesh point (m,n) and layer k is calculated using:

2E 112 1 2 2 1j** a o - 2 (lv a 2 ai g (2.39)

and simultaneously summed over all mesh points and layers, The strain
energy calculation is completed in DGEOM, where the last stm is multiplied
b• the finite difference volume element giving the strain energy of the

m,n,k • (2.40)

The kinetic energy calculation is accomplished in subroutine KINET,
which is , as shown in Figure 2.6, called by subroutine MOTION.

KINET The kinetic energy density 4 per unit material coordinate area
of the middle surface at the mesh point (m,n) is determined:

Aul Au+• .(2.41)
2 0o At A•t

Summing * over all mesh numbers (me,n) and multiplying by the
finite difference area eiement, the kinetic energy of the shell
is obtained:

T(t + 1 At= 2 (2.42)

m,n

Ai
Notice, sinca the displacement increments Au+ are for the time
interval (t,t+At], the kinetic energy is properly centered at
the time t + 1/2 At, as indicated. The kinetic energy at the
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time t is determined by averaging the values of the kinetic

energy at times t + yt and t -Pt:

T t) - [T (t + 1 At) + T (t- At)] . (2.43)

The external work calculation is done in two steps, accomplished by
MOTION calling subroutine PWORK twice, see Figure 2.6.

PWORK This subroutine calculates the work w per unit material coordinate
area of the middle surface at the mesh point (mn) due to the

pressure P acting during half the displacement increment Au using
the equation

W.u n (2.44)

where the negative sign is a consequence of the pressure be

oppositely directed to ni. The subroutine then sums w over the
mesh points and returns to MOTION.

The first time PWORK uses the values of the displacemesat increments

for the time interval [t - At, t], determining the contribution to the
external work of the interval [t - 1/2 At, t]; the second time it uses
the values for the increment ft, t + At], determining the contributions
of the interval [t, t + 1/2 At]. These contributions are added and the
result multiplied by the finite difference area element to give the
total external work during the time interval [t - 1/2 At t + 1/2 At]:

~1 1 12

AW (t) = [ [w(t I- At) + w (t + . At)] AnI An2

mn

Aul + Au+ ni p*] AnflAf 2  (2.4S)2
m,n

This work increment, which is properly centered at time t, is then averaged
with the work increment at time t - At to give the work increment for the
time interval [t - At, t] centered at time t - 1/2 At:

AW (t - 1/2 At) = 1/2 [AW (t - At) + AW (t)]. (2.46)

This average work increment is added to the total external work up to
the time t - At to give the external work done up to the current time t:
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W (t) -W (t A t) + A W (t -1/2 At). (2.47)

The reasons for doing the external work calculation in this rather
elaborate way are made clear In the forthcoming theoretical report on
the energy calculations.

wIchf the damping option is not in effect, then the only means by
wihenergy is dissipated is through plastic flow. This unavailable

energy is measured by the plastic work Wi,, which is simply the difference

of the total external work and the sum of the kinetic energy and strain
energy:

(2.48)
W aW- T - V.

The plastic work is computed in MOTION, just following the external work
calculation, see Figure 2.6. With this calculation, the generation
of current values of W, T and V is complete and the energy calculations
end.

On the other hand if the damping option is in force, then there is
an additional means of energy dissipation, measured by the damping work
W D' In this case the plastic work Wp is computed from

W p W- T - V- W D .(2.49)

The damping work W is computed in subroutine DAMP which is called afterD
MOTION, in which the above calculation for Wis performed. Hence, for
a proper sequencing of calculations, DAMP must compute the damping work

up to the next time step t + At.

DAMP This subroutine, which is schematically summarized in F31gure 2.7,I
controls the entire damping operations. As already mentioned in
the introduction, these operations remove the kinetic energy of

the system efficiently so that the shell approaches a static
equilibrium configuration quickly. The kinetic energy is removed
in two ways: first through viscous damping and second through the
use of a kinetic energy annihilation (KEA) procedure. The KEA
procedure is the principal means of energy removal, while the
viscous damping mainly serves to smooth out disturbances in the
solution caused by the abrupt nature of the KEA procedure.
Conceptually, the KEA procedure involves "freezing" the position
of the shell whenever the kinetic energy achieves a local max-
imum, so that the velocity and hence the kinetic energy vanish
instantaneously, followed by an immediate "release" of the shell.
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Since it is highly unlikely that the shell will be "frozen" in
a static equilibrium configuration, it will resume its motion on
being "released", but with the total energy reduced by the amount
of kinetic energy present when the maximum was achieved. This
procedure is repeated at each maximum of the kinetic energy
until the energy removed at some maximum is a small enough fraction
of the total energy removed, at which time the shell is considered
sufficiently close to its static equilibrium configuration and
computations terminate*. This procedure is motivated by two
considerations: first, the removal of energy is accomplished
efficiently, since it occurs when the kinetic energy is at a peak
and, second, should the kinetic energy be at its absolute maximum,
then the corresponding configuration would be a static equilibrium
configuration.

The subroutine begins by d~etermining if the damping procedure is
in force by checking the time t against the prescribed time tD

at which this procedure is to begin. If tD is not exceeded the

remainder of the subroutine is not used and calculations return
to the main program. When t D is exceeded, first the pressure P

is set to zero. Second, the kinetic energy is checked as to
whether it has just reached a local maximum by comparing its
value T+at the time t + 1/2 A~t to its value T -at t - 1/2 At*

If T+> T -then no maximum has been reached and the subroutine

adds the increase in the damping work due to viscous damping
over this interval, which is simply a linear function of T4 to
the damping work WD at the time t to obtain the damping work WD

at the time t + At:

+ ~2 D At
DWD+ r 0  '+ ( 0

On the other hand, if T+ < T-, a local maximum has been reached

and the KEA procedure goes into effect. To maintain the energy
balance, the kinetic energy removed at this time t is added to -

the damping work:

WD= W D T. (2.51)

* This method for reducing kinetic energy appears to be in common use;
See, for example, DAHL, BEELER and BOURQUIN [4] who use this method to
obtain computer solutions of some solid state physics problems.

**Cf. the description of subroutine KINET, where the niotation T(t+l/2 A~t)
and T(t-l/2 At) was used for T+ and T-.
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The sum of kinetic energy T removed at this time and the kinetic
energy T* removed by the previous KEA calculation is compared to

the damping work WD. If this sum iz a small enough fraction of

W D' then the maximum time for the problem tmax is set equal to the

present time t, after which the main program causes the problem to
terminate, see Figure 2.3. If the sum is not sufficiently small,

ithen the displacement increments Au+ are set equal to zero, making
the velocities at time t + 1/2 At and, hence, the kinetic energy T+

vanish. Since Au.+ , 0, the position of the shell and stress field
at the time t + At will remain the same as at the previous time t.
Hence, these variables need not be recalculated and the subroutine
can proceed to increase the time step and call MOTION in order to

calculate the displacement increments Aui for the interval

[t + At, t + 2 At] and the kinetic energy T++ at the time t + 3/2

At. The kinetic energy T++ is next compared with T . If T++ ! T

then the subroutine finishes the aamping operations by calling
PDATA in order to collect some plotting information and returns
to the main program. However, if T++ > T tthen experience has

shown that a numerical instability due to the KEA operations is
likely to occur. To remedy this the subroutine calls subroutine
nESTEP in order to compute a smaller stable time increment At*.

DESTEP This subroutine calculates a decreased time step At* that
prevents the KEA operations from causing an instability:

T At
At* Tt * (2.52)

Then the values of AuI and T++ are adjusted for the
decreased time step by scaling:

AU i. 2 ro + DAt At* D AtAu (2.3)A++ 2 ro + DAt* " (iAt- A++ C.3

T: TDt (2.54)
k2 ro + DAt t T4+4.

Returning from DESTEP back to DAMP, PDATA is called and the
calculations return to the main program as before.
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2.5 Surface Strain Calculations

The su4-face strain calctlations, like the energy calculations, are
embedded in the finite difference sequence of calculations. They do not
influence the solution, but their results are a consequence of the solution
and provide useful local measures of the validity and reliability of the
solution. The elongational strains in prescribed directions at prescribed
locations on the bounding surfaces of the shell are calculated. The
equations used are derived in [1; App. D] and give the exact elongation
per unit initial length, with no approximations based on the smallness
of strain being invoked. The strains are intended to simulate the read-
ings of strain gages bonded to the shell at these locations.

The strain calculations take place in subroutine STRAIN. However,
before these calculations are performed, the interpolation coefficients
and the mesh numbers bracketing the strain locations are calculated in
START, see Figure 2.2, and subroutine ABINIT is called during the initial
pass through DGEOM, see Figure 2.4.

ABINIT This subroutine uses the mesh numbers of the mesh points bracketing
the straln locations, as determined to START, to select the initial
values of a and b• at the bracketing mesh points. These values

are stored in arrays for later use in STRAIN.

The above calculations are performed initially and only once. The
covariant components of strain E . on the bounding surfaces of shell are

computed in DGEOM each time step for every mesh point using the equation

+1Aa +hA (2.5S)

where c;, are the covariant strain components at the previous time

(t - At), h is the shell thickness and the + or - sign depends on whether
the bounding surface is on the negative or positive side of the normal

ni , respectively. The covariant components of strain are used in STRAIN,
immediately following DGEOM.

STRAIN This subroutine calculates the elongational strains in pre-
determined directions at predetermined locations on the surfaces
of the shell. It also computes the components of the total
displacement of a predetermined locations on the middle surface.
These directions and locations are specified in the input data,
see Section 3.2. At each strain location four elongational
strains are found: two along the coordinate curves and two in
directions specified in the input data by the angles e made

with the n1 coordinate curve, see Figure 3.5. The first time
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this subroutine is executed, see Figure 2.8, the interpolation
coefficients calculated in START are used to linearly interpolate
the initial values of a and b to obtain the corresponding
values A and B at the strain locations. From these values,

the components of the surface metric G at these locations are
calculated:

G AA ! hB , (2.56)

where, as in (2.55), + or - depends on the surface lying in the

negative or positive direction of ni. Also, the direction
coefficients a and 8 are calculated from the angle e specifying
the strain directions:

a - sin e / B - cos 6 - =6 (2.57)

whe-e 6 is a function of G

- G1 2 / /GlG 2 2  (2.8)

This calculation ends the initial pass through the subroutine.
For all subsequent time steps, the subroutine uses a different
compAtational loop to calculate the elongational strains and
the components of total displacement, as shown in Figure 2.8.
First, the values e at the mesh points bracketing the strain

localions are linearly interpolated to give the covariant
compcnents of strain E., at tha strain locations. These com-

ponents are combined with G to give the intermediate strain
components

El /GiL;~ C a E /GE(2.59)11 11 El/l 2 " 22/G22 1 "E2 / 11!2 (.9

From these intermediate components, the subroutine determines

the elongational strains along the n and n2 coordinate curves:

E= +2C.-l , / C2 1-i (2.60)
Si 2

S2



and in the direction specified by e:E 0 - I + 2 (62 I 2 mey + ÷ 2 C2(2.61)S2 1 t2 1 -

The remainder of the subroutine involves determining the total

displacement components Ui at a predetermined location. The

components of displacer~nt increments Aui at the mesh point
surrounding the displacement location are linearly interpolated

to give the components of displacement increment AUi at this
location. These components are added to the previous values

of the components of the total displacement Ui to give their
current values.

Ui .U t ,U . (2.62)
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3, DESCRIPTION OF INPUC

3._ Input Cards

The data needed to run REPSIL are supplied on Kqittt cards and, in
the case of certain pressure loadings. on a user-jeneimed input tape.
Instructions for generating the pressure input tape are g.von in Section
6.2. The input cards assign vAluvs to the FORTRAN variables listed in
Table 3.1 in that order using the formats inlicated.

Table 3.1 List of Input Cards

CARD VARIABLES FORMAT

I TITLE 10A8

2 MESH, NMESH, LAYER, YLDFAC 315,E12.6

3 MAXC, NCONT, NRITE, DELTAT 315,E12.6

4 IBECI, IBEC2, IBEC3, IBEC4 415

5 LOAD, LPRESS, MDAMP, DAMPF, DFACT 315,2E12.6

o E, FNU, SIGZ, RHO, THICKN, NSFL, ISR SE12.6,1IS

7 (SSIG(J), SEPS(J), DSR(J), PSR(J), Jul, NSFL) 4E15.7

8 NPRINT, (JCHK(J), J-l,3) 415

9 NUMCY, (NCYCH(J), Jul, NUMCY) l156

10 NLPRIN, (JCYNLP(J), J=lNLPRIN) 161S

11 N3D (NC3DP(J), Jal, N30) 1615

12 ETADI, ETAD2, NSTRN 2EI0.4,I5

13 (ETAGI(I), ETAG2(I), ANGLE(I), ANGLB(I),
NETAG(I), I-I, NSTRN) 4E10.4,IS

14 LENGTH, WIDTH [for .'lat plate] 2E12.6

LENGTH, RADIUS, THETA [for cylindrical shell] 3E12.6

LENGTH, RADI, RADF, THETA, MASH (for conical shell] 4E12.6,I5

15 MI, Wf, NI, NF, VR, NV 415,E12.6,15

16 M,N,V 21S,E12.6
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The following rules should be obeyed in preparing the input cards.

*Omit card 7 if either NSFL a 0 or NSFL a I and ISR a 0; otherwise,
the number of card 7's must match NSFL.

'The number of card 13's must match NSTRAN > 1.

*Only one card 14 is used, with the data matching the particular
subroutine INGEOM used.

*Omit cards )5 and 16 if LOAD a 1 or NCONT > 0.

oOmit card 16 if NV - 0; otherwise, the number of card 16's must
equal NV.

The input cards can be grjuped according to the type of data they
supply:

Cards 2,3 Data controlling the finite difference and
numerical analysis.

Card 4 Parameters for selecting boundary conditions.
Card S Data controlling the type of loading and the

damping option.

Card 6,7 Material properties.

Card 8,9,10,11 Printing and plotting control numbers.

Cards 12,13 Uata specifying locations where displac,/.ment
components and surface strains are to be
calculated.

Card 14 Dimensions of shell.

Card 15,16 Data characterizing the initial impulse velocity.

3.2 Description of Input Variables

The input variables are described below in the order in which they
appear on thi input cards, as listed in Table 3.1. The dimensions of a
variable are indicated by capital letters in square brackets following
the short underlined description of the variable, with F representing
force, L length, and T time. The program is written to accept any
consistant set of dimension units. For example, the mass density in thepound-inch-second system of units for a material weighing I pound per

1 Ib-sec2
cubic inch would be -sc

386 in 4  "
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Card 1 TITLE Title to identify run. Not to exceed 80 alphanumericIcharacters.
Card 2 MESH Number of mesh intervals in the 1direction.
r 2NMESH Number of mesh intervals in the direction.

S2

Figures 3.6 - 3.8 show the orientation of the mesh

relative to the n1 and n2 directions for the initial
geometries presently programmed in REPSIL. The choice
of MESH and NMESH should only be based on the portion
of the shell to be actually analyzed; additional intervals
due to exterior mesh points along symmetry boundaries
should be disregarded. MESH and NMESH are limited by
the maximum number of M and N mesh elements permitted
by DIMENSION and CO*0N statements (see Section 3.3):

2 ;IBCE=- 1,3
MESH < M -2IB

-maxCE: 3 IBCE5 - 2

1 ; IBCE2 = 1,3

UMESH<Nma - 12; IBCE2 = 2

LAYER Number of layers into which the shell thickness is
divided. The shell is divided into layers, within which
the stress is assumed constant, in order to facilitate
the modelling through the thickness of the stress profile
resulting from plasticity. Hence, the greater the number
of layers used, the more accurately is the stress profile
presumably modelled, but at the expense of longer couputa-
tion times and greater memory requirements. LAYER = 4
has been found to be a good compromise giving reasonably
accurate deflections.

YLDFAC Parameter controlling the "thickness" of ellipsoidal
annuli surrounding yield surface in stress space. The
ellipsoidal annuli divided the excursions of the stress
increment outside yield surface into subincrements making
the calculation of the stress on the yield surface more
accurate, see Appendix B. Accuracy increases with value
of YLDFAC, but at the expense of increased computation
times, with YLDFAC = 1 a good compromise. In order not to
use this option set YLDFAC = 0.
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Card 3 MAtXC Time step at which it is desired to terminate the
problem.

NCONT Time step at which it is desired to begin the problem.
For new problems NCONT = 0 and for restart problems
NCONT - time step from which solution is continued.
Notice that always NCONT < MAXC.

NRITE Time steps elapsed between the gathering of restart
data. Restart information written on the restart
tape(tape #1)every NRITE time steps. If it is planned
to restart a problem, NRITE 5 MAXC; if restart information
is not desired, make NRITE > MAXC and omit tape.

DELTAT Finite difference time increment [T]. Using equations
(2.3), the program calculates time increments that assure
numerical stability in the membrane and bending modes of
vibration and then chooses the minimum of these and the
input DELTAT to use in the finite difference calculations.
If DELTAT = 0.0, the program chooses the minimum stable
time increment.

Card 4 IBECI Number prescribing boundary conditions along the edges
IBEC2 of the shell. In Figure 3.1 the edges are inumerated
IBEC3 relative to the (M,N) grid and the admissible values of
IBEC41 the boundary control numbers at each edge are listed.

Clamped edge condition (1). Coordinates of middle surface

yi and components of normal ni are fixed at their initial
values along this edge.

Symmetry edge condition (2). Edge lies in a symmetry

plane about which the shell and the loads are symmetrically
distributed. Edge 1 is always a symmetry edge located in

the y = 0 symmetry plane, see Figures 3.6 - 3.8. The
2

symmetry plane for edge 2 is y = LENGTH, see Figure 3.6
and 3.7. The symmetry plane for edge 3 is the same as

that for edge 1, namely yl 0, and hence is applicable
to shell intersecting this plane twice, such as cylinders
and cones, see Figure 3.7 and 3.8. Care should be taken
that the symmetry edge condition be compatible with the
particular shell geometry treated, e.g. although IBCE3
=2 is admissible, it is certainly not appropriate to
the flat plate (Figure 3.6) or the cylindrical panel
with THETA < 7 (Figure 3.7).
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* • - M-:'2
-EDGE I1=

Mz31 M=4

EDGE 3 M:MESH 2

N:1 N:2 N:3 N=NMESH +1

EDGE 1: IBCEI = 2 (SYkMETRY)

EDGE 2! IBCE2 = 1 (CLAMPED), 2 (SYMMETRY) OR 3 (HINGED)

EDGE 3: IBCE3 = I (CLAMPED), 2 (SYMMETRY) OR 3 (HINGED)

EDGE 4: IBCE4 = 1 (CIAMPED) OR 3 (HINGED)

Figure 3.1 Admissible Boundary Conditions
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Hinged edge conditions (3). Coordinates of middle
i

surface y are fixed at their initial values along

this edge, but normal ni is free to rotate About edge.

Card 5 LOAD Number controlling mode of loading

- -1, initial impulse velocity and pressure-time loading,

= 0, initial impulse velocity,

a 1, pressure-time loading.

Initial velocity distribution, other than those represent-
able by cards 15 and 16, and pressure-time histories must
be supplied by the user in appropriate form through sub-
routines INVEL and PRESS; instructions for doing this are
in Sections 6.2 and 6.3, respectively.

LPRESS Distribution of pressures over shell after time steps
LPRESS fixed at the LPRESS distribution. If LOAD = 0,
set LPRESS = 0. If user does not desire to fix pressure
distribution, make LPRESS > MAXC.

MDAMP Time step at which damping starts. Numerical damping is
used to rapidly slow down the motion of the shell in order
to obtain a final equilibrium configuration. MDAMP is
selected after most of the plastic dissipation is over.
This entails a preliminary run in order to estimate from
the energy balance when plastic deformation is vitually
finished; the damping run is continued from the time
step closest to MDAMP as a restart problem (see Section
3.4). If damping is not desired set MDAMP > MAXC, other-
wise values for DAMPF and DFACT must be supplied below.

DAMPF Viscous damping coefficient used in smoothing solution

during damping [FT/L ]. Should not be too large in
order to avoid overdamping and consequently prolonging
the time to reach a final configuration.

DFACT Parameter controlling termination of problem durin£
damping. If tVe ratio of the sum of the energies removed
in two consecutive kinetic energy annihilations to the
damping work is less than DFACT, the problem terminates
(see Figure 2.7). The smaller DFACT is made, the less
the residual kinetic energy at termination, but at the
expense of longer machine times.
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Card 6 E Young's modulus AF/L2 ].

FNU Foisson's ratio.

SIGZ Yield stress [F/L 2 ]. For perfectly plastic behavior SIGZ
is the maximum stress oo on the uniaxial loading curve,
Figure 3.2; for strain hardening behavior SIGZ is the
stress 01 at the first change in slope in the polygonal

approximation to the loading curve, Figure 3.3.

RHO Initial mass density per unit volume [Fr 2/L 4.

THICKN Thickness of shell [LI.

NSFL Number of changes in slope in the polygonal approximations
to the uniAxial loading curve (equal to the number of
stress sub.ayers):

a 0, no plasticity z elastic behavior,

= 1, elastoplastic with no strain hardening,> 1, elastoplastic with strain hardening.

ISR Strain rate sensitivity control

= 0, plasticity is strain rate independent,

= 1, plasticity is strain rate dependent.

Card 7* SSIG(J),SEPS(J) Stress [F/L 2 ] and strain [L/L] at points of
slope change of the polygonal approximation to
the uniaxial loading curve, Figure 3.3, where
J = 1, NSFL. The program automatically makes
these data compatible with those on Card 6 by
setting SSIG(1) a SIGZ and SEPS(l) - SIGZ/E.

For the strain rate sensitive case, cake these
data from the static loading curve.

DSR(J),PSR(J) Emperical constants used to model strain rate
sensitive behavior, d and p of equation (2.21).
Pair of constants must be specified for each
slope change (i.e. each stress sublayer) on the
polygonal approximation to the loading curve,
J = 1, NSFL. On the stress-strain diagrams,
Figure 3.4, the straight line portions of the

* Omit Qard 7 if either NSFL = 0 or NSFL = 1 and ISR f 0.
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Figure 3.3 UniaxAal Loading Curve for the Strain Hardening Constitutive
Model and Polygonal Approximation to Loading Curve
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Figure 3.4 Polygonal Approxi-nations to the Uniaxial Loading Curve at
Various Constant Strain Rate Levels for Strain Rate
Sensitive Materials
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constant strain rate curves are parallel to the corre-

sponding portions of the static loading curve. The strain
E. at each point of slope change is magnified from the

corresponding static strain c by the rate sensitivity

fact,-T:

where c is the strain rate, see (2.22). If the same
values uf DSR(J) and PSR(J) are used for all J, the
stress ao at each point of slope change is also magnified

from the corresponding static stress a
1

so that

a.a (a.i /C* ) C .

as illustrated in Figure 3.4a.

Card 8 NPRINT Number of elapsed time steps between surface strain
prints. This print is described in Section 4.1.5. The
remainder of the strain print data is specified on
Card 13. If this print is not '!esired, set NPRINT >
MAXC.

JCIK(J) Numbers controlling the printing of output data:

JCHK(l), components of displacement increments,

JCHK(2), coordinates of middle surface and the pressure,

JCHK(3), components of surface normal;

1J0, data not printed,
JCI-K(J)

1, data printed.

Card 9 NUMCY Number of time steps for which JCHK(J) controlled data
and energy balance data are to be printed. Sections
4.1.2 and 4.1.3 describe these prints.
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NCYCH(J) Time steps at which JCHK(J) controlled data and energy
balance data are printed. If these prints are not
desired, set NU4CY a I and NCYCH(l) > -AXC.

Card 10 NLPRIN Number of time steps for which the LMAT (MNK) array
is printed. See Section 4.1.4 for a description of
this print.

JCYNLP(J) Time steps at which the LMAT (M,NK) array is printed
If thit print is not desired, set NLPRIN n 1 and
JCYNLP(1) > MAXC.

Card 11 N3D Number of time steps for which isometric and cross-sec-
tional plots are drawn. A description of the plotting
capabilities of REPSIL is given in Section 4.2.

NC3DP(J) Time steps at which isometric and cross-sectional plots
are drawn. If plots are not desired, set N3Dul and
Nc3DP (1) > MAXC.

Card 12 ETADIETAD2 Material coordinates of location at which the com-
ponents of displacements are calculated and plBtted
[dimensions correspond to those for ETAGI(I), ETAG2(I)
below].

NSTRN Number of locations at which surface strains are
calculated and plotted.

Card 13 ETAGI(I), ETAG2(I) Material coordinatss of locations at which
surface strains are calculated and plotted, Figure
3.5. Dimensions depend on subroutine INGEOM:

Flat plate, distance along width and length,
Figure 3.6,

Cylinder, angle in degrees from the symmetry plane
and distance along axis, Figures 3.7.

Cone, angle in degrees from the symmetry plane and
arclength along the cone generator, Figure 3.8.

ANGLE(I) ,ANGLB(I) Angles 0 measured in degrees from the ý1

direction counterclockwise about the normal of the
directions in which surface strains are calculated,
Figure 3.5, where 0 < e < 180'.

NETAG(I) Number selecting the bounding surface on which surface
strain calculations are performed, Figure 3.5:

= 0, surface on positive side of normal,

= 1, surface on negative side of normal.
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Card 14 Dimensions of shell specified on this card. Data
syacifying dimensions must be coupatible with th"
particular subroutine INGEOM used. The next three
figures show the orientations relative to the Cartebiat,

coordinate axes y and the associated compatable bound-
ary conditions for the three INGEOM subroutines
presently programmed in REPSIL.

LENGTH Length of plate along symmetry boundary [L], Figure
3.6. Length of cylinder axis [L), Figure 3.7.
Length of cone along axis (L], Figure 3.8.

WIDTH Width of plate up to symmetry boundary [L], Figure 3.6.

RADIUS Radius of cylinder [L], Figure 3.7.

KADI,RADF Small and large radii of cone (L], Figure 3.8.

ThTA Angle subtended by cylindrical or conical panel
measured from the symmetry plane [Degrees], Figures
3.7 and 3.8.

MASH Number controlling mesh proportions for cone:

a 0, equal mesh intervals along meridian, Figure 6.2a,

a 1, constant mesh proportions, Figure 6.2b.

For the details of this option see Section 6.4.

Card 15' This card gives the data on the uniform initial
impulse velocity field and gives the number of
points with nonuniform impulse velocity, see Figure
3.9. As indicated in the figure, velocities are
directed in the opposite sense to the normal.

MI,MF Minimum and maximum values of mesh number M for point
receiving uniform initial impulse velocity yR.
2 < MI < MF < MESH + 2.

NI ,NF Minimum and maximum values of mesh number N for point
receiving uniform initial impulse velocity VR.

1 < NI < NF < NMESH + 1.

Cards IS and 16 omitted if LOAD. 1 or NCONT>0.
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SN =I + tNMESH

WIDTH-

Boundary conditions compatible IBCEI a 2

with flat plate geometry (see IBCE2 a 1, 2 or 3
Figure 3.1 for key): IBCE3 , I or 3

IBCE4 z1 or 3

Figurc 3.t Flat PlatQ Geometry



I I
NY1 ISM

IIBCEl . 2
Boundary conditions IB2-1 o 3
compatible with cylindrical ICE 1.2o3
geometry (see Figure 3.1 IBCE3 - 1 or 3 when 0 < < 1800 (as shown)
for key): -*1,2 or 3 when o - l800

Figure 3.7 Cylindrical Shell Geometry

68

M*4



NvI+ ÷ MSH

M82
N 3 Y

N@4

II
iI

NRI ,

compatible with cnica2 *
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*IBCE2 - 2 would result in discontinous slope across boundary

Figure 3.8 Conical Shell Geometry
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VR Uniform initiad impulse velocity received by mesh
points (M,N) in the intervals MI S MSMF & Nl:N<NF.[L/T].

NV Number of mesh point receiving nonzero initial iuc
velocity other than uniform velocityR.

Card 16* Each card 16 gives data for each mesh point receivinj
nonuniform initial impulse velocity; .ence total number
ot card 16's must equal NV.

M,N Mesh numbers of point receiving initial impulse

velocity V other than uniform velocity VR.

V Initial impulse velocity at mesh point (M,N) [L/T]

3.3 Array Size, Memory Requirements and Computation Times

Often, the size of arrays must be adjusted in order for the program
to accommodate a new problem. Such adjustments entail changing DIMENSION
and COMMON statements to assure that array size equals or exceeds the
maximum values of array indices required by the problem.

The maximum values of array indices are easily deternined from the
input data, as shall now be shown. First, denote the maximum values 3f
the indices M,N,K,J and KJ (see Appendix C.1 for their definitions) "0
appending the subscript "max" to each. Then M and N depend o)n tae

1 2 max XV
number of mesh intervals in the 1 and q directions (specified or ;.,puz
card 2) and the boundary conditions along edges 3 and 2 respectivelYý1card 4) ; "

M = MESH + 2 ; IBCE3 1,33.1
max MSH * 3 IBCE.2 = 2,

Nmax NMESH + 1 ; IBCE2 1,3 (3.2)
N = NMESH +2; IBCE2 =2

Moreover, K equals the number of layers into which the shell is
max

divided (card 2):

K = LAYER , (3.3)

* Cards 15 and 16 omitted if .,JAD = 1 or NCONT > 0.
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Jmax equals the number of breaks in the polygonal approximation to the

loading curve (Card 6):

J = NSFL, (3.4)max

and KJmax is the product of Kmax and Jmax:

KJ = LAYER * NSFL . (3.5)
max

The arrays affected by changes in the maximum values of these indices
are listed in Appendices C.2 and C.4. The maximum values of the remaining
array indices usually need no adjusting because they are sufficiently
large for most problems.

The storage of arrays constitutes the major portion of the memory
requirements of REPSIL, with the rest of the memory requirements used
to store the remainder of the program. The memory needed to store the
remainder is more or less fixed and depends on the compiler that the
computer uses; for example, the BRLESC computer at the BRL uses between
11,000 and 12,000 words for this purpose. The memory required.to store
the arrays depends on their size, specified by prescribing the maximum
values of array indicies, and hence may change with the problem being
solved.

It is useful to have an estimate of the memory required by a
problem, to see if the computer can accommodate it. For an estimate it
is sufficient to consider only the large arrays - the two and three
dimensional arrays. A count of these arrays, listed in Appendices C.2
and C.4, shows that there are 26 two dimensional (M,N) arrays, 3 three
dimensional (M,N,KJ) arrays and 1 three dimensional (M,NK) array. Hence,
a problem whose maximum index values are Mmax, Nmax, Kmax and LJ max

max. mmx

SA = M x N x (26 + Kax x (3 x j + 1)) (3.6)
A acmax max max

words of memory to store these arrays. An estimate on the amount of
memory a given computer uses to store the remainder of the program
is most easily obtained as the difference between the total memory
used on a given problem and SA for the given problem. If this difference

is SRA then fTor any new problem a good istimate of the total number of

words of memory needed is
xN x(26 + K x (3 x J + 1)). (3.7)

ST SR + SA SR + M max max max
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The maximum values Mmax Nmax$ Kmax and Jmax can also be used to

estimate the time a given problem will take on a computer. This follows
from the fact that the computer takes approximately the same time to
solve the finite difference scheme for a given substress at a given
layer and mesh point; hence, the total computation time is roughly
proportional to the product of the number of substresses Jmax' of layers

Kmax, of mesh points Mm xN and the total number of time steps
max' ax max

N n MAXC - NCONT . (3.8)

Therefore, once the time T* taken by the computer to solve a problem
with the values J*maxKax M*maxl N*max and N*t is established,

then an estimate of the time T for any other problem with the values
J a Kmax M N and N is given by the ratio
max max max max t

T--=M* x' N* x J x K* × N* 3
max max max max t

T* M* mx xN* mx J* mx xK* mx xN* t (3.9)

This relation only gives approximate times because it neglects such
factors as the operations at boundary point differing from those at
interior points, the different number of interations for the plastic
stress at different mesh points, the compile times not being proportional.
However, the relation serves as a useful rule-of-thumb, giving over-
estimates as the number of mesh intervals increases.

3.4 Continuation of Problem (Restart)

Every NRITE number of time steps information is written on the
restart tape about the current state of the solution. As discussed in
Chapter 2, this information is sufficient for the program to continue
the solution from any of these prescribed time steps; such a continuation
is called a restart. The restart of a problem entails certain necessary,
advisable and permissible changes in the input data, as follow.

Necessary changes are changes without which the restart problem
cannot be solved. These changes are confined to Card 3. The initial
time step NCONT must be set equal to some multiple of NRITE at which time
step there is written information on the restart tape; this is usually
chosen as the last time step on the tape. Also, the last time step
MAXC must be changed to a value greater than NCONT.

Advisable changes are changes that either reduce the amount of
input data or assure meaningful output data. First, Cards 15 and 16
may be omitted. Second, the time steps specified on Cards 9, 10, and 11
at which output data is collected should be changed so as to fall within
the new interval between NCONT and MAXC.
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Permissible changcs are changes that affect the collecting of restart
and _output data or the functioning of the damping operations. On Card

3 NRITE may be changed so that restart information is collected at a
diffejent interval. Also, on Card 8 the interval between the times
at which surface strains are printed may be changed by altering NPRINT
and a different selection of arrays may be printed by altering JCHK(,J).
On Card 5, DAMPF and DFACT, which control damping operations, may be
frevly changed. Also, if LPRFSS and MDAMP were greater than the new
value of NCONT, they may be changed.

Finally, a few words of caution. If it is planned to continue a
problem, provide a tape to collect the restart information; otherwise,
omit the r'estart tape. Any changes in the input data that affect the
sizu of arrays should never be made. Lastly, note that there is no
restriction on repeatedly continuing the solution of a problem.

4. DESCRIPTION OF OUTPUT

REPSIL outputs the results of calculations in two forms: printed
output and plotted output. This chapter describes the various output
options available and how the.e are controlled through the input data.
Reference will be made to tables and figures in Chapter 5 as samples of
printed ,ind plotted output.

4.1l Print.__ed Output

4.111 Input Datr. The printed output begins with a title page
reit.:ia ," the input data and giving the critical At resulting from
thu Rý-PSIL stability check, see Tables 5.3 and 5.15. if LOAD = 0 or -1,
the uýnif:)ii initial impulse velocity specified on Cards 15 and 16 will be
printed .ut next, Table 5.16. There follows a print of the initial values
of the Cartesian coordinates Yi and pressure P aý all mesh intersections
(M,N). Table 5.4 and 5.16 give samples of these arrays at select values

of M. The user need not request any of the above prints; they are auto-
matically produced by REPSIL for any initial run. For a restart run only
the title page is printed.

.. 2 ~Displacement Increment, Cartesian Coordinate, Pressure and
Surfa eje Aormal Arrays. By setting the input variables JCHK(I) = 1 for
I = 1,,,3 (see Section 3.2, Card 8), the values of the displacement
increments Ui, Cartesian coorjinates Yi and pressures P, and surface
ii-:;._ 3N:. at every intersection (M,N) are printed at each NCYCH(J)
tirnv st-'v (Card 9). Samrples of these arrays at select values of M
apPQ,*r L,, Tables 5.5 - 5.7, 5.9 - 5.11 and 5.17 - 5,22. Notice that
th. , -placuipent increments are for the time increment just preceding
time step NCICH(J).
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4.1.3 Energy Balance. The program prints the values of the kinetic
energy CINET, strain energy STREN, plastic work PLAST and external work
TNRG for the entire shell every NCYCH(J) time steps (Section 3.2, Card 9),
as shown in Tables 5.13 and 5.23.

4.l.4 Stress Subincrement Array. The stress subincrement array
LMAT (M,N,K) is printed every JCYNLP(J) time steps (Section 3.2, Card
10), see Tables 5.8, 5.12, 5.18, 5.20 and 5.22. The value of LMAT at the
location (M,N,K) is an approximate measure of the amount of plasticity
occurring there during the given time interval: if LMAT - 0 the stress
increment lies within the yield surface and, hence, is elastic; otherwise
LMAT equal the number of stress annuli outside the yield surface traversed
by the stress increment, see Appendix B for a detailed description.

4.1.5 Surface Strains. The surface strains EPSSI(I), EPSS2(I),
EPSANB(I) anUd EPSANG(I) at locations specified on input Card 13 are printed
every NPRINT elapsed time steps (Card 8). These strains, shown in Tables
5.13 and 5.23, simulate the reading of strain gages alined at the angles

Iindicated there relative to the n direction, see also Figure 3.5.

4.1.6 Error Messages. An inability to satisfactorally calculate a
plastic stress increment at a location (M,N,K) results in an error print,
wherein the values of the quantities involved in computing the stress
at this location are printed and the calculations terminate. This print
occurs for two reasons: either the lead coefficient AA in the quadratic
equation for TAMBDA is negative or the values of TAMBDA continue to
remain complex even after the use of 100 stress subdivision. The reasons
that both these results are unacceptable and do not permit the continuation
of the solution are given in [3; Sect III].

4.2 Plotted Output

The plotted output is generated by a separate plotting program
described in Appendix D. This program works from a tape generated by
REPSIL on which plotting data is stored. The program employs the Cal
Comp Standard Plotting Package SCOOP. The plots shown in this report

are generated by the Cal Comp Model 780 Plotter.

4.2.1 Isometric and Cross-sectional Plots. REPSIL stores on tape the
Cartesian coordinate array Yi at the initial time step and at subsequent
time steps as specified by the values of NC3DP(J) on Card 11. From these
data the plotting program generates two types of plots at each of these
time step: an isometric drawing of the distorted image of the finite
difference mesh passing through the middle surface; and a pair of cross-
sectional drawing through the Yl = 0 symetry plane and a plane normal
to the Y2 axis, as specified in the input to the plotting program. The
scale of the drawing and a factor to magnify the displacements from the
initial position must also be specified as input. These plots are
illustrated by Figures 5.3 and 5.8. The zeroth time step plots are
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automatically generated without the user requesting them. Notice that
these plots print the input data: the mesh number N of the crossection,
the scale and the magnification factor.

4.2.2 Energy, Displacement and Surface Strain Histories. At every time
step REPSIL also stores on tape three groups of data: the kinetic
energy CINET, strain energy STREN, plastic work PLAST, external work TNRG
and, when the damping procedure is used, the damping work TDAMP; the
components of the displacement at the location specified on Card 12;

and the elongational surface strains in the n and i2 coordinate direction
at the location specified on Card 13.

The plotting program, using the first group of data, plots a time
history of the balance of energies during deformation, as illustrated
in Figures 5.4 and 5.9; notice that graph b of Figure 5.9 is an en],rg-
ement of the last 400 microseconds of graph a to bring out the details
of the energy balance during damping operations. In Figures 5.4 and 5.9a
the top line represents the external work, with that in Figure 5.4 being
due to a pressure loading and in Figure 5.9a due to an initial impulse
velocity; in Figure 5.9b the external work line falls of the graph. In
all three graphs, the bottom line is the kinetic energy and the line
second from the bottom is the totdi %nergy of the shell. Hence, the
difference between the bottom line and the second from bottom line
represents the strain energy and the difference between the top line
and the second from bottom line represents the energy dissipated.
When damping operations are not used, as in Figure 5.4 and the first
405 microseconds in Figure 5.9, the energy dissipated is solely due to
the plastic work. However. at the inception of the damping procedure
(405 microseconds in Figure 5.9b) a third line appears dividing the
energy dissipated into two parts: the plastic work represented by the
difference between the top line and this new line and the damping work
represented by the remaining difference.*

The second group of data is used by the plotting program to plot
a time history of the components of displacement at a given location,
as illustrated in Figures 5.5 and 5.10. The location as specified in
the REPSIL input is printed with the plot.

* In principle, the plastic work and the damping work are monotone
increasing function of time and when the external work is constant
the total energy is monotone decreasing. That this is only approximately
true of Figure 5.9b is a consequence of the numerical inaccuracy of
the finite difference solution. For the same reason, in purely elastic
problems it is found that the total energy oscillates about the external
work rather than coinciding. However, an excessive rise of the total
energ- ;v.r the external work is usually an indication that something is
going wrong with the solution, e.g. too large a time increment leading
to a aumericai instability.
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The third group is usad to plot time histories of the elongational
strains on the surface of the shell in the nI and n2 coordinate
directions (see Figures 3.6 - 3.8 for the coordinate directions of the
various geometries employe, as well as Figure 3.5) at prescribed
locations. These plots are illustrated by Figures 5.6 and 5.11. with

the solid line being the strain in the n direction and the dash iine
2

the strain in the ri direction. The locations as specified in REPSIL,
including which bounding surface, are reproduced on the plots. Amaximum of 6 locations can be plotted at present.

S. EXAMPLE PROBLEMS

This chapter demonstrates the use of REPSIL to solve two typical
shell problems. Correct preparation of input data, including proper
implementation of various options available in REPSIL is illustrated.
Portions of the printed and plotted output are displayed. These serve
as checks on the proper functioning of the code, espicially useful to
users adapting REPSIL to their computers. For reasons of economy, no
attempt is made to discuss the accuracy or significance of results.

5.1 Example 1: Pressure Loaded Flat Plate

The first problem involves finding the deformation history of a
simple-supported, rectangular, steel platc subjected to loads resulting
from the detonation of an explosive charge. Figure 5.1 shows the
dimensions and orientation of the plate and charge. This example
illustrates the use of the following REPSIL options.

*Flat plate initial geometry

*Analytically specified pressure loading

*Hinged edge and symmetry edge boundaries
* Strain hardening - strain rate dependent material behavior

*Problem restart or continuation

The material properties of the steel in the elastic range are:

Young's modulus E = 30 x 106 psi

Poisson's ratio v a 0.3
Mass density P = 7.3235 x 10 lb - sec

in 4

In the plastic range the steel is assumed to strain harden in a s•train
rate dependent manner. This behavior is approximated by using a 3
substress model with the following values of the parame!ers,
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Figure 5.1 Geometry for Example Problem I

78



a 78,000 psi 1 .0026 in/in d 40 in/in-sec PI-5

J, 120,000 psi 2 " .0082 in/in d 400 in/in-sec P,-3

a3  180,000 psi .0482 in/in d3  4000 in/in-sec P N1

Figure 5.2 shows the resulting polygonal approximations to the uniaxial
loading curves at four strain rate levels.

The pressure loading is simulated by programming into subroutine
PRESS the pressure relation

(0; for t < ta
P (m,n) 130024465522S x 24465. el 3 OOO(t'ta) ;for t >ta,22S + rZ (rn)

where r(m,n) is the distance from the center of the plate to the mesh
intersection (m,n) and

2/'25 + r2(emn) - 15i ta "144000

is the arrival time of the shock front at (m,n).

eTaking advantage of the two fold symmetry of the problem, only the

lower right quarter of the plate, as shown in Figure 5.1, is treated.
Consequently, edges I and 2 are symmetry boundaries and edges 3 and 4
hinged boundaries (compare with Figures 3.1 and 3.6). Also, only the
half width and half length of the plate are prescribed as input dimensions.

The problem uses a 20 x 32 square mesh and 4 layers through the thickness.
A time increment of 4 microseconds is prescribed, a figure well below the
critical time increment predicted by the REPSIL stability criteria
(see Table 5.3).

The problem is solved in three successive runs. The initial run
is set for a maximum of 400 time steps, giving a solution for the first
ItO0 microseconds. Table 5.1 gives the input for this run in the same
order as outlined in Table 3.1. The first restart or continuation run
is prescribed for the next 400 time step. Only the input data on Cards
3, 9, 10 and 11 are changed, as shown in Table 5.2. The second restart
rwu continues the solution 389 time steps further and requires changes
in Card 3, 9, 10 and 11 as before.
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Figure 5.2 Polygonal Approximations to IUniaxial Loading Curves at Four
Levels of Strain Rate

80



Table 5.1 Input Data Cards for Initial Run of Flat Plate Problem

Card 1 EXAMPLE 1 FLAT PLATE WITH PRESSURE LOADING
Card 2 20 32 4 .100000E 01
Card 3 400 0 100 .400000E-05
Card 4 2 2 3 3
Card 5 1 1500 1S00 0.0 0.0
Card 6 .300000E 08 .300000E 00 .780000E OS ,732350E-03 .1O0000E 00 3
Card 7a 78000.0 .0026 40.0 5.0
Card 7b 120000.0 .0082 400,0 3.0
Card 7c 180000.0 .0482 4000.0 1.0
Card 8 100 1 1 1

Card 9 4 100 200 300 400
Card 10 4 100 200 300 400
Card 11 4 100 200 300 400
Card 12 0.0 32.0 6
Card 13a 0.0 32.0 45.0 22.5 0
Card 13b 0.0 32.0 45.0 22.5 1
Card 13c 0.0 0.0 45.0 22,5 0
Card 13d 0.0 0.0 45.0 22.5 1
"ard 13e 20.0 3•,0 45,0 22.5 0
Card 13f 20.0 32.0 45.0 22.5 1
ý:ara 14 32.0 20.0

Table 5.2 Input Data Cards Changed for the First Restart Run

Card 3 800 400 100 .400000E-0S
Card 9 4 500 600 700 800
Card 10 4 500 600 700 800
Card ilI 4 500 600 700 800
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Sample listings of the printed output for the initial run are
given in Tables 5.3 - 5.13. The program prints the Ui (M.N), Yi (M,N),
SNi (M,N, arrays over the entire range of (MN), of which Tables 5.4 -

5.7 and 5.9 - S.11 give the values for M a 2,10 and 1 < N < 33 (i.c. the

values along y * 0 and y - 8, see Figure 5.1). Also the program prints
the LMAT (MNAK) array at every station through the thickness, of which
Tables 5.b and 5.12 give the array values at K w 3,4. Table 5.13 shows
the surface ;trains and energy balance prints.

Figures 5.3 - 5.6 present examples of the plotted output as obtained
on the Cal Comp Model 780 Plotter using the plotting program described
in Appendix E. Notice that the plots with time as the abscissa, Figures
S.4 - 5.6, are for the initial run plus the two successive restarts, an
automatic feature of the plotting program.
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Table 5.3 First Page of Printed Output Rumarizing the Input Data andj
Results of Stable Time Increment Check

EXAMPLE I 1 AT PLAT$ WITH OPqpIR0 I.-OADINU

to MESMES IN TOR FTA1. DIRECTION (OITA$ 200100OOOE 011
31 MFSNE! IN TOP PTA2 DINrPi1h0N InETal 10.100000k 01)

OWNING TIME INC IMPNTS 0,9143046-09
MPKqIRAt4E TIME INCRPMFNTB 0l,665wk3h0R
INPUT Time INCREMRN?. n.4000C00600

TIME INCREMENT USED RY !OPPSILs fl.40O0006-09

YOUNG'S MODULUO ae,3000006 00
POISSONOS RATjR 400000OOE001O YIECO STRESS tU.780000F 09
MASS IbPNRITV 406731lSfne-03 THICKNESS 10.100000S 01

START AT TIME STFP 0
FINAL TIME STEP 400
SURFACE STRAINS XVERV 100 TIME ST5P
RESTART WRITF PYPRY too TIM6 STEP

LAYPR a 4 NSTRN 0 6

LonU I LPRESS a1900

IOUNOARY CMNDITInwS

ED4EI3 3

3

PRINT MPTION CONTRPL FARI)
al* NO RNIPN

I DISPLACFMENT INCPEP4$NTS
I CARTESIAN COORDINATESt DR6SSSRE
I SURFACE NORMAL YFCTnq C!,4PSNbNTS

PRINT INFOR"ATInN AT TkE FOLLOWING TIME STEPS

PRINT L MATRIX (LMAT) At THE FOLLOWING TIME STRb'S
100 200 300 400

1.0 PLOTS 7CR THE FOLLOWmING TIME STEPS
100200300 400
10020 CNST ITUTIVF RELATION ELASTOPLARTIC.WORK HAROENING.STRAI9N RAT9 DFPENDEkT

STRPSS-STRAIN APPROXIMATION WAS 3 111IRLAYERS

STRESS-STRAIN AND STRAIN NATF PAR'ýMETERS
SSIG(.i) SFPS(J) osqci) I/PSR.'I)

I 7.60000W~ 04 2,6000000E0. 3 4;00000006 01 2.O0000000E-01
2 i.WOfl00AF 05 8*.POOOOOOF-O3 4;0000000 02 ~J3~~0
3 1.S0000066 05 4s8POO000E-ft? 4;0000000e 03 ¾.0000OQOn 00

START DAMPING AFTER TIME *TEP 1500 710~ m0,SODOE-02
5AMPF 60.00OE006 On nACT 80.0000k 0
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Table 5.4 Sa~1e of Initial Values3 oi Cartesian Coordinates and
Prewsure Arrays for 14 a 2 and 10

INITIAL CARfSRAN COGROINAIES PRESSURE
N N WINS 24N.I T36,119) pIluI4I

I 0 .3000000000000000o 00 0.004C000000600000E 00 o.ooooooeoaooooooooE 00 0.O00000000aCCCccCCE Co
a 0.0IJ000000CO0000OOE 00 0.1000000000000060E 01 0.00000~00000000000E 00 0.OCC~oooooCCOCCOOI Co
I C."'0000000000000E 00 0.20000000000000001 01 0.0000000000000000f 00 0.OC000000Co cc@oace 30
6 0.oooooooooO001oo OC 0.3000000000000000E 01 O.0000000000000O00E 00 O.OOOOOOOOO000COcOf c0
5 C.000000000000000DE 00 0.*O00000000000000E 01 0.O00000000000000001 0ýa 0.OC0000ooCCCOOCCee Go

6 oooooooooooot00 .9000000000006 1 o.0000ooo 000ooO 0of~o 00 o.CCOo00oCC0OCCoE00
00:0000000030000000E 06 .6000000000100000E 0 0.0000000000000000E 00 o.oooooooCQCCCcCoo 00

I 0.000ooooo00000000 00 0.75000030000000000E 01d 0.00000030000000000E 00 0.oOO00CCCCCcccoF co
9 0.000CO0000000 00 0.800000000000E01 O.00000000000000000 00 0.OCCOOOOOCCCCCCOCCE CC

10 0.O0O00OO00O00O000E 0 0.97000000000000000E 01 0.00C000000000400000 00 0.OOOOOOOOCCCCOCOOE CC
Is 0.30000000000000ot00E 0.1000000000000000E 02 .QoooOOC,000000000E 00 O.COOOO000000cocCCoe CO
320O.OO000000000000000E0 0.1100000000000000f 6 0.0000000000000000E 00 0.OOOOOOO0OCCCOCO0E 00
13 0.000'00C0000000000E 00 0.1200000000000100t020 o .ooooooOoOOOOOOOE 00 0.OCCoo0COOCCCOCcCOE %:I
32 0000OC000F00 010000000t0 0.OO0000000000COO0E 00 0.0COOCOOOOCCC04COE 00

33 0.00C0 0C0000 0 140 g00 00000000% : 099:00000000=0000E :0 0 O.20*655CCCC00Eooo 00
10 1 .~O0COC000OO 0 O0000000g000 00 .00:3 0000c00r;37 00 O.cc OOOooCCCCoCCooE CO

27 0.sOOOOC3cOO00OOE 01 0.1600000000000000E1 01 0.0000000000000000L 00 0.OCCOOOOOOCCCCCCCI Go
13 0.0000000000000000E 00 0.1?OOOOOOOOOO0fOE 02 0.0C000000000O00030E 00 0.000COOOOOCCoCCCCE CC
to 0.8IJOOOCOOOOCOOOO 01 0 3800000000000000E 02 0.0000000000000000E 00 0.OOCOOOOCOCCOCCCCE Co
20 0.OOOO00000000CO000E 00 0.19O0000000000000E 01 O.OOOOOOOCOOOCOOOOOE 00 O.0C00O000CCCCCC0C0E 00
21 0.0000000000000000E 01 0.20OOOOOOOOOOOOOE 02 0.0OOOOOOOOOOOOCOOE 00 0.OCCOOOOCCCCCC0CCCE CO
22 0.8000000000000000EF 03 0.2100000000000000t6 01 0.0000000000000000C 00 O.0OOOOOOOOL'OCOCOOE 00
23 0.0O00OCOOOOOOOOOOE 01 0.2200000O000000000E 02 0.0000000000000000OE 00 O.CCOOOOO0CCCCCCCCE 0O
29 O.SOOOOCCOOOOCOOCOE: :~::gOOOOOOE 01 0.10000000000000001 1 0O60O0, OFi0 00 0.OCOOCOOCiCOCCCCCCOE 00
10 O.:0O000C00O0C00O 01 q 0.90000 0000000 01O 0.0000000OO0(OO00C0 00 0..CCCJCCCCCCCCCCCCE CO
13 Ci.O0(OOOOOOOOOGOOOE 00 0.2500000000000000E 02 O.0OOO OOOOOOooOO 00 O.0COOOOOOOCCCCCCCEF 00
21 O.SOOOOOC00OOOOOEOOO 01 0.26000000000000000E 02 O.OOOOOOOOCOOCOOOOOE 00i O.COCOC'OOOCCCCCOOE 30
12 O.00000000OOOO000E 01 0.2700000000000000E 02 0.0000O0000000000001 00 0.OOOOOOOOOCCCCOCOOE CC
19 0 ROOOOOOOOOOOOOOOE 00 0.1300000000O0000001 02 O.OOOOOOOCOOOOOCOOOI 00 O.CCCOCOCOCCCCCCCI CO
10 0.ROOOOCOOOOOOCO 0 020000000000E 01 0.0000000000000000E 02 O.OOOOOOCOOCOOOE0 .CO00CCCOCOOE 00

316 0.SOOOUOOOOGOOOOOOE 01 0.3000000000000000E 02 0.0000000000000000E 00 O.OCOOOCOOOCCCGOCOOE C0
32 0.3OOO0OOOOOOOOOOE 00 031600000000000000E 02 0.OOOOO000OOOCOOOOOO 00 o0.CCOOOOOOCCCOCCCOE 00
33 0.SOOOOCOOCOCOOOOOE 01 0.170000000000000COE 02 0.0000000000000000E 00 0.2465CCCCCCCC CCCCCE as
19 O.SCOOOCOOCOOOOOOOE 01 O.160000000 2 0OOOOOOOOOOCOOOOOE 00 0.CC0000CO0--0 .COOOOOCCCCCOCOOO CC
22 0.8000000000COOOOOE 01 0.1000000000000000E 01 0.0000000000000000L 00 O.QCCCOCCCCOCCCCCCCE co
20 0.8000000000000000E 01 O.19000000000000001E 01 0.0OCOOOOOOOOCOOOOE 00 0.OQO30000CCCCCCOOFE CO
21 O.RBOOOOOOCOOOOOC000 01 0.30000000000000000E 012 .OQOCOOOOOOOOOOOOE 00 0.OCCCOOOCOCCCCOCCCE CO
23 .00000000F0 0.4.OOOOOOOOOOOOOOOE 01 0.0000000CiOCC0l 2 OOO OOOOOOOOOOE 00 0.CGOOOGOOOOOCCCOCOE CO
24 O.SO0OOCOO00C0000OE 01 0.230000000000000OE01 O.0O0OOoOO0O0OOOUCoE 00 O.OOCOOCOOCCCCCCOOGE G0
27 0.OOOOOCOOOOOOOCOOOE 01 0.26000000000000000E O2 Oi.O000000000000000E 00 O.COOOOOOCCCCCCCCOE C0
2a 0.60O0000000000000E 01 0.700000O000000000 O2 0.O00000C00C00000000 00 0.OCCOOOOOOC'CCOCOOF GO
20 0.9000OC0000COO0nOE 01 .27000000OOiOCOOOE 012 O.000000000040000af 00 0.CCOC000OCCCCOCCOF 0C
2o 0.40000ZCOOOLOOOOOOOE 01 0.9~0000000000000OE 01 O.000OOOOOOOOOOooe 00 0.OCCOJCCCCCCCCCCCCE CC

130 0.8000000000C300000F 01 0.1200000000000000,. 02 0.00000000000000000E 00 0.0C00000OOCCCCCCCCc C0
14 O.MIOOOOGO0000COOOOE 01 0.1300000000000000E1 02 C.0000000C000000001 00 O.CCCO0COCCCCCCC:CCE CC

it 0.800000003OOC0O00E 01 0.1600000000000000E 02 0.UOOOOOQOOOCJOOOCOOE 00 O.OCCCC00Q0CCCCC~CE0 CC

22 ~.0 $000000COCrOO E~ 01 0.3200000000000000E Oa O.OOCOOOOOOOCOCCOOE 00 0.O0CC0O00CCCcCCC~CCCEo

23 O.OOOOOOOOOO 0 .2000000CGOEG2 O.OOOOOOOOOO 0 .OOOOQQCO84EC

21 DIOOOOOO 1 020OOOOOOE0 .OOOOOOOO 3 000000CCOE0



Table 5.5 Sanplo of Displacement Increments Array During Time Increment
199 to 200 for M a 2 and 10

0ISPLACEWE'4 INCKINEINTS GEMhEE' T.S. 199 &NO 200

P t4 UIIN4941 U2IP.NI U34 NO hI
2 1 0.OOCOO0OOOOOOOO0oE 00 0.0000000000o00000i 00 0.0000000000000000E 00

I O.OoCOO~C0oooo30000E 00 -0.13S120639365313VE-04 -0.41664S63269S69171-03
.1 0.0000000MfOOO00oOOOE OC -0.23?53.b34?066374SE-04 -0.04?44409139255$?E-03
4 O.OOCOO00COOOO0oOOE OC -0.472004048869890LE-04 -0.I'Z3V,0541S3202E-O2
5 0.OOCOOOOOOCOOOOOOE 00 -O.50062297636952?66e-o -0.117936425064865SE-OZ
6 0.0000000000000000E 00 -0.97195654S131591?E-06 -0.2103383105089261E-02
I 0.00003000000000000E 00 -0.62925965696?334SE-04 -0.Z7369S12933C96866E-02

-9 .000CZ003COO0000000E 00-O.2244?00049S619249-03 -O.32SS05704L756185E-0Z
9 0 .00CC000~00OO000000E 00-0. 100377?7Z670969E-03 -0.3707Z3S256807Z0LE-O2

It 00000OU0000000 00-O.20039617142Z6l90E-03 -0.3006?S922.7?36920-02

12 0.OOOOCOCOOOOCO000E 00-.14963339-3-0.7622?725702M0i6SE-02

13 0.OOOOOOOOOOOOOOOOE 00 -3.020.SS5798O769913-03 -0.7143OS62l1385451E-02
14~ 0.OOCOO3O0CGOOOOCOE 00-0.1892?601672S65U544-03 -0.74177705436977719E-02
27 0.00C00000CO0000O00E 00-0.27156341745467163E03- -0.639174S1956016416E-Ok
28 O.0OOOOCcOO3C OE00000 -0.'154S6964Z611368E-03 -0.U3181321 59272SM0-02
2? 0.OOCOOOOOOOCOOOOOE 00-0.67S3014SO07045OOE-03 -0.?411A99063 486S24?E-OZ
130 O.OOCOO00000OOOOOOE 00-0.22935941~3908903E-03 -0.7857081756ZIMSE-.02
319 0.00GO00~J00090000E 00-0.197?7267251017965-03 -0.?91l5e72?9 375206E-02
320 0.OCOOCO0GcOOCO000E 0 0.20140Z732542923,2E-03 -0.766 19 3699 24661?tl-02
21 0.000C00GOCQ000O0E 00 O.OO9i000000044 C0032E30 -Q.A1156761964Z6254E-02
20 1 .OOCOOOOOOOOOOOOOOE 00 -0.016050000050000000E 00 .?836?8200C0?2OGfE-00
23 0.90000003 O000?921E-00 -0.21834707557860S2E-03 -0.Z216C2S?526917476E-02
34 -0.00000000000000E66 0E-O -0.879903665905 58954-03 -0.743H6523696?7210E-02
25 0.00000000000000004E 00 -0.0666376002769613E-04 -0.?30250&929969M01E-02
26 0.00CO30C6 00005950SE-00 0.114Z6S*LN2663058SE-0S -0.62S959106Y716790-02

27 0.703C06967OC00000E-00 0.7?51389139&101304E-04 -0.?S391?8269213613E-02
28 O.0T303JOCb0000590E-005 O l -C%367429IISu 963 E-04 -0.1?7&3231265024269-02
29 0.100C6674S1?141r0040 0 0.8?3?174S30?09424E-04 -0.419C499ROS4864?60E-0Z

30 0.4506466746900005E-CC 0.716a30153623?2993,-04 -0.?Si2560Z61407337E-O2
310 0.379i?953166475490E 03 -0.19243?05520140SE-04 -'o '.?91^1657'4?S2999E-OZ
32 O.2C0006510027 00563E-00 0.6710410273254223E-04 -0024761%3690124109E-O2
12 0.3675Z1S6331705000E-4 -00 .3667t5362S34S60E 04 -0.816141992642b246E-02

10 13 -0. 1660?94&14753300E-00 -Q.000000071SS0203SE-0* -Q.3036635553245534E00
14 -0.9067931064269214E-06 -0.19S013755?3005?50-04 -0.2216022617124766E-03
15 -0.5031980T36762166E-05 -0.5771936111694595E-05 -0.3763S4019S1634?4 E-O3
16 0.1665G476847693284-05 -0.4018?39Q1t24117E-04 -0.5460AS4'099663607E-QZ
17 0.25MI7059557049SE-04 -0.5574268608307563L-05 -0.6259'.709108?6?926E-0
18 -0.74326967404386931E-05 -O.2191357359? 1704E-04 -0.86313681206760601-03
7~ 0.9TO3633846515~9*6E-OS -. Ov131ZZUS?706147E-05 -0*1124S060S*S34269E-0Z
80 0.1440416746512143C-04 -o.6369S63894271469E-04 '40.150462661934463?E-02
21 0.',1852046757Z915E-05 -0.4546799696664S90E-04 -0.5A2S96S26SZ554.?E-02
10 0.3?i?5316624752707E-04 -0.1243E6SZ1529726fiS-04 -0.25173626492416141-02
It 0.2066002705~t68?3*E-04 -0.7517936*?G?&0#222E-04 -0.E4966291810915?I-02
12 0.14446752180332SOSE-04 -0.36?4524623461302E-04 -0.4991619967S772461E-02
13 -0.15c?770294614S26E-O3 -0.*024S0SIa0234lE-04 -0.309147E6352SS 9L55E-02
14. fl.40877526~289311E-O3 -C.SOB176900467016?I-04 -0*346P624172336102E-02
17 0.1560381SO64C'2IS4E-03 -0*57714429?361697976-04 -0.37U69e3010918834E-02
28 0.165326844376Zb.?18 -04 -0.40,06017763421100E-04 -0.4.70214J41648637E-02
27 Cs.1069522827920799E-03 -O.19409?3660G405945-04 -0.459400859507364,E-OZ

it, 0.22190476970189336E-04 -0.63663894065124416-04 -f).532662109?44302SE-0Z

?31 0 .2 1694 14034t36 3E-0 3 -0.?560379536022049E-04 -0.4967'985585109351E-02
24 0. 14046525.3278102SIE-03 -0.8024171359613026E-04 -0.4995198477201905E-02

29 0.32069522821120799E-03 -0.119OOOOOOOOOOOOOOE-00 -0.4?6085206?7?67,808-02

3U 0221073?189363-03-0oI617162519SIE-3 -. 48969j?14028E-0



Table 5.6 Sampep of Car~tesian Coordinates and Pressure Arrays at Time
Step 200 for N a 2 and 10

winE STEP 200 1INe 0.6000OOCE0*-0)
ZAMTESAt IG00AM~tA~T6 PRESSURE

0 .00300COO036200000f. 00 0.O00000200,0009,,0000001t 00 0.00O0000 .C0000O 00 0CC0 CCCC C CC

5 Q00:00=000000000000F 00 0.992?1481 01. -0.115S??10%3762751-O1 00 .?940?91439~1e1SE CC
6 0. A00000C03..000!0 00 0.29999515926913t3h 01 -G..1?3527A?02?a99?lE 00 0..??3231115100115?E GO
5 0.O000030000"0O0CE 00 O.)999344225224123E 01 -0.23212,J41211fl02kBE 00 0.7541906*1616129E GO

1 .0 00:C2O0OJO000 600E 0.11999732S515293S1 01 -00.6 SS931U9t1*23930 CC
a0 0.C 0 O0COCC00'0 E 0.1s9996295S42s69741 L -0.40489753546"~03SE 00 C.?S813410CC3354SCE cc

9 0. OOOOOCO.OOCOOOOOCF0 O.'1999SI69100217510EO -o.416335448446a91,E 0,. 0.bS494055372679C2E GO

10 0.0000000000'000000C0 0.2399932629465933f 01 -O.13334923478*0816? 00 0.604250491S'0?3063E Co
It C.0020000000-J00,000F 0 0.2499&3111093 4O3EOC -0.131624?01695 2SE4C 401 0.6790621364602;9 E CC
12 (...oov0.)cc000o0000E 0.109"730158444 4S6 0 -0.64169786372482307 00 O.602SAI6SOC3CS1S1E CC
28 O.COO OOTc)0OO000 00 0.1199657482Z33034E 02-0.1455867 121Th8310 CI .?10971313915@21E GO

14 0.~0000C000000fl000Fn 0.12998291908145814 oa -0.7634156479555029E 00 0.135346883922-152E1 00
315 0.3000O~00j0~00CO 00 0.1399OLOS233354 61 E 02-0.81)3162542318834&E 00 O.74032GLS2T,4032aE CO
16 0.00C0'000000000000E3 0.1099q13SO07?2296E 02 -0.076266508,2266932E 00 O.6543482591?3'41105 C0
3t jCO~OOO0CO~COOOE 0 0.159ooSSo1o9ooooE 02 -0.9134939297940S05E 01 C.6!?4OT593I8I2146E 00
1! 0:0000000qE 00 0.IU0q00?0000060*fi0E -0u .96430000U0CO030001O 0.652324O0CCCOCO0CC GO

4. j.793OO2fO50O744 00 .I999T322?S3Th1?4E 00 -0.LG3145922773374S9E-0 0.6546S59389C32995 GO
3O 0 COOO)9OO07q130000?0 0.169991226528069T4 01 -0.1091497344426940$ 01 0.687934017CC3%SICSE CC
it .N936?OOQCi00OO0OE 00 .Z999829980028978 E 01 -O.1 2148715938103~E 00 0.796B36QZ32O69'39G G0

52 J?9)O?9CG3D42O117E 00 0.20996175666752?SE 02 -0.1193126726299231E 00 O.6T1?S4?2ICGI45C3E CC
23 .~00OC088025?4000E7 01 0.219967464193193E9 01 -0.1524*S4*3.269S*18E 00 0.6745970315833918.E &C

14 (O..jOQO.27i399aOQ 1OE 01 o.22996S0278093230? 02 -O.i3110199833156603 00 C.640863064Oe22*S33 C0
85 o..ooooooooevooooor 01 0.2399694629653092k 01 -0.1334249894 0~86b1E 00 0.7250453C9107 80?3 E 00

2t 0. 0O'J1Q671iZ441545OE 01 0.2499658317599300E 02 -0.41316326972,06834E 010O.7034123814Se9126E8 CC
27 G.,N0Z'.31531V7CG0OOE 01 O.S59963012619?B166 01 -0.141696?900989 308.. 01 0.1~124216O31e9S31E CC
21 0. 03100*1 ?0432391OO 01 0.26999486559524W.I 02 -0.15645929)55693?E 00 0.7821010691082568E C-0
29 0.~00000000000000O 101 0.27996020530212250E 02 -0.52146769217480606 00 O.?2014Szo??6?46?28 GO

IQ u. -,000n C03018424i7 01 0.1199392013600193e 02 -0.LS62391646697340E 00 0.7315363965338971E CC
31C.~ 00."v O 0 0 0 830 OE 001 0.2999a6540296?0508 02 -O.612449*63R3827662 01 0.?6641271i4297282?6t 00

31e J. OC '))GO534282?0O5F 01 0.30999840?84006&2CI 02 -0.154945I?3~7092195E 010O.436298591e?3431k 0
33 O.U00372i'4'6^2i064 01, 0.3200000000000000E u2 -0.72162939?830S' 531E 00 0.67S244 9S91341s14E GO

11 0 63831.2E01 0.1S99835Z121'38O.3E ou02-.U16629981361950000h O.OOOOOOS3S337CCOCE CO
1S 79. 9-01O ?713 43914E 01 0.199914?39018?S211 01) :0:52?1494227334:9E-0 00 Q81:S6Sq0814?886E CC0

39 0.3024950726,10308 01 0119999122625260 LE 01 -0 M1642973481134 S 00 0.6417 3907128631& 00 C
20 3.?01#2949,36?412E3F 01L 0.1g999823599826780 01 -O.LSS22733315081 6 'IE 00 C.791804s1123936643E C0
21 0 . 7 10 ,) 913- 26 177 S 01 0.399978142046?233E 02I -0.992vT9291A313602E 00 0.??S62144192t2485C CC
22 ). O00CO996251,55631 01 0.209997?4:9S92792E3aO C13138?6 01 :02949O*9II 0 ,85?123I@&918C129 G0
23 2.0174001i 27M99SPEt 01 0.99970447:0920348 02 -0.10149S42331:1050 01 O.) 7&33964CR16?3e!E GO
a 4 (. aon31C716026499 01 0O.6 99974 ?2662i5 8E01 _O -u6128448 667 1?98 E 00 0.683635 94121251 CC0

23 v. RO0JS3675241545E 01 0.23999517218900374 01 -4).415OS36?T7O6 I&6E2 00 0.6C71128741882??SE (00
I26 O.A0324153019'O9R98 01 0.24999374025319CB E 01 -0.11876200958Z89?36L 01 0.687278703?t68416C8 GO
21 0.qu2330577U2002SV0a 01 0.299959024116!9841E 01 -0.5217172'82,235426 01 0.6884S596853237 91 CO
'a8 J 0.042 217163O90069E 01 0.Z6997709d4312538? E 02 -0.5?248121771R82687E 00 0.679100W812s169M CO
I29 j. 603 5 1 4V)56424ST 01 0.119978S921300349E 02 -0.62392'9310363734E 01 O.6?IZ6196!3394S8E CC
30' 0. 3036.3b5E1)5983634E 01 0.1299628640219760S 02 -0.6792940163A3 5068E 001 O.6856072?122417266 C0
315 0.10327N44'325064E8 01 O.1399861651S0221 02 -0.121623&943660417E 01 0.6595249?40214?5LE GO
32 u.)RA846359b542822 01 0.1099a411351690011 02 -O.1392V?39371'80816 00 0.65565SO3012732256 GO
37 0. -UJ52 8$0341 L 48E 01 0.IS93500000014300 02 -C0.81621796438675?1E 00 0.8S9438918147vd85E GO

Is 64019710475921 01 0 169:11017:86 Z 0936714609-E00 0 4SO76:'E(;

L :02429tgi i otg 505839 097269161t0 :6511?02 E0



Table 5.7 Sample of Surface Normal Components Array at Time Step 200
for M -2 and 10

4 4491SN2tPro NkIN
I 0.1030000000)GO0000E 00 O.57948S?481663O93t-G1 0.996319!6941408'50L 00
a 0.1000000O0000000O~F 00 OeST61603959S888S0E-OL U.9962388162a2411PE 00

.h 0.00000C00000300000E 00 0.577293906203802LE-01 V.9933i16Sui22301i 00
L4 0.00O000O0CuOOOOOQE 00 0.58S2372372086324E-01 0.9630180991153856 00

5 0.OOOOOCOO1OOOOOOOOE 00 0.5SOM60281164920E-01 0.998282M.500699?k cC
* 0.3000O0O000O0000O0F 00 0.5669S351117'a6001E-01 0.~9S275?65295357'9t 00
? 0.~000000000000OC0!O 00 O.S69lS320164'669?E-01 (J.96289S39124461E 00
I 090U000C000oQ000000E 00 0.590?3569S4013085E-01 O.990253631?899309E 00
9 0.~00O0000000300000E 00 O.5920226S714O9443E-01 0.9982460074446103E 00
10 0.00003000000000006 00 0.595025942121962SE-01 0.99b2VS1509164218E 00
It 0.00003G0000000000E 00 0.596547?201262225E-01 0.9982 ý 10681 e12 636E tJ
12 0.0000000OOOCO00OOE 00 0*5922352270919250E-OL 0.9902447467219811E 00
13 0.OOOOOOOOOOCOOOOOE 00 0.5813466461200881E-01 Q.99b3O87373993S5OE 00
14 0.0000000000000000E 00 0.5?143968S0024?67E-Ot 0.9983659483524849t 00
is 0.OOOOOOOOOOCO0OOOO 00 0.5634554452449Z92E-O1 0.9641327d665453E 00
16 0..0000000000O00000E 00 0.5946391?3816559$E-01 0.998460692200084~0t 00
17 0.0000000000000000E 00 0.5451239004551565E-01 0.99e513094i213623E 00
16 0.OOOOOOOOOOOOOOOOE 00 0.5380745?3021624LE-01 0.9985513294461513E 00
19 0.0000000003000000EF 00 0.5318780513532761E-01 u.998S04526910404i4E 00
20 D.OOOOOOOOOOOOOOOOE 00 0.5201994904913$OOE-01 0.99864aO'58545381E 00
21 0.COOOOCOOOOCOCOOOE 00 0.5055619382?39656E-01 0.9987212179411304E 00
22 0.0000000000000000E 00 0.4909143123011414E-01 1.990?942867218635E 00
23 0.0000000004000000E 00 0.4?5S0563SS384516E-OL 0.9906?64fl3A29Z55E 00
24 0.QOOOOOOOOOOO0OOOO 00 0.4507590520?9963?E-01 0.998947146410332?E 00
25 O.OOOOOCOOOOCOOOOOE 00 0.4391678159072367E-01 0.9990152147007244t 00
26 0.OOOOOOOOOOOOOOOOE 00 0.41T349LS3??29273E-OI 0.999120?188')36C?3E 00
27 0.000000C0000000000E 00 0.3908314619Z95600E-01 0.94923596C00911?BE 00
26 0.000000OOOOCOO000E 00 0.343344105606?10?E-OL 0.9993?SS447429CL0k CC
29 O.OOOOOQOOOOOOOOOOOE 00 0.30*9G95?543?46I8E-QI 0.9'i95347985Se3195?E 00
30 0.O000000003000000E 00 0.2445118705445006t-01 0.9997010250132319E 00
31 0.')000000000CO0300F 00 0.16401210290BS301E-01 0.9996571643443403E 00
32 O0.OOOGOOCOOCOO000E 00 0.8714811380069492E-Od 0.999962O25310266SE 00

33 0.OOOOOCOOOOOOOOOOOE 00 0.0000000000000000E 0jh 0.1000O0000000C00OE 01
to 1 0.0000000000000000E 00 0.5135~30305137731E-0L 0.998680b6225?7925E 00I

2 -0.1669875511733491E-02 0.51515503679325abk-uL uj.9986?C7910000022f 00
3 -0.343312930'1139298E-02 0.S179'47346599664RE-01 3.9906S19026530644E 00
4 -0.5315371864Mq125E-02 0.51974801915620GIL-01 0.9986342507504656E 00
5 -0.706S45334417O014E-02 0.5194390S1511?043E-OL O*99e62498035e!444E 00
6 -0.9863560S203TS210F-02 0.S16192904006541LE-01 0.S961696SMO5119ý 00 '
? -0.10844201445?3609E-01 0.51?352162910660'.8-01 0.998601956084S619E 00
8 -0.12729a1648847809E-01 0.SL9541S28306b2SBE-01 0.99856833249i3S82E 00
9 -0.1462421940176093E-01 0.5243168492666684L-01 0.99S5144??078252?E 00
10 -0.167SL11036782866E-01 0.521103401117643SE-01 0.99a4b6833?O386b0E 00
11 -0.160,2192880714826E-01 OS233T'932?4SO7905E-0I O.9984SCr.448447374E 00
12 -0.2092210665899030E-01 0.512991114298125'.E-Q1 0.~99464152',S10olE 00
13 -0.210895563964666SE-01 0.501203650911:421E-OA 0.998476:4S7S29716E 00
14 -O.252IV82722416899E-01 0.49124082466liS29E-01 U.9986'3?23Q610944E 00
15 -0.2740011884383273E-01 0.48303051981S860OL-01 0.9944S60336471076E 00
16 -0.29675869225060644E-01 0.4?46629210?2434?&-01 0.r9643 19168239367E 00
I7 -0.1171868369136157E-01 0.4650796143124404E-01 0.9964142090174S35E 00
18 -Ci.1395643679461171E-01 0.455776SS71601624E-4J1 0.9983635121966411C 00
19 -U.3615365871932697E-C'1 O.445615S91S456?30E-O1 0.9963S2232b348144E 00
20 -0.3840959818430712E-01 0.4321293880032829E-01 0.9983272733365341E 00
21 -0.40T5611307752912E-01 0.4162796662239704E-01 0.99630150351573361 00
22 -0.4320?48193769214E-01 Q.40'ý3S2503189745?E-Qi~ C.996263SIS3236933E 00
23 -0.4536163035890641E-01 0.395577147690931!iE-r,1 0.998226237130660&E 00
24 -0.47596027452871988-01 0.3716631855114924E-01 0.9961749?61119338E 00
25 -0,4986118137038644E-01 0.3576105269169Z96t&-O1 0.99BILS?296139216E 00
26 -0.3215152728775184E-01 0.3424158140153603E-01 C.9980519687394423E 00
27 -0.5400541021522993E-01 0.3217728?6642688661-0L 0.9980220595484860E 00
28 -0O 5563692932312091E-01 0*2939845056623659E-01 (,.99001816776981?IE 00
29 -0.;6'995037461986SE-01 0.255690372S47774?1:01l 0.9980469612623682E 00
30 -C0.179810629191551ýE-01 0.20533116501187S9I:-OL 0.99810bS0106568C6L 00
31 -0.ý9023,55a4941447E-01 0.145673096941 LS12,:-Ol 0.949150295838998E8 00
32 -C.A".0211211311994E-01 O.7600774S622418??L;-0Z Q.99d1992408!421,uSL 00
33 -0.--748e0'35q0?6251-O1 0.0000000~00Q(000000i: 00 Q.9982O5U';4?19?iWE2 00
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Table S.8 Saple of Stress Subincrement Array at Time Step 200 for
Layers K a 3 &d 4

LNAYI now$, 31

4 on a 3 4 5 6 ? a • 10 Itlia 1 14 1516 17 1 9 202122•
1 0 0 0 0 0 0 0 a 0 0 0 0 0 0 0 0 O 0 0 0 0
2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
3 0 0 0 0 0 0 0 00 0 0 0 0 0 0 0 0 0 0 0 0
4 0 0 0 0 0 0 0 00 0 0 0 0 0 0 0 0 0 0 0 0
3 0 0 0 O 0 0 0 O 0 o 0 0 0 0 0 0 0 0 0 0 0
6 0 0 0 0 0 0 0 0 0 c 0 0 0 0 0 0 0 0 0 0 0
? 0 0 0 a 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 a 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
00 0 0 0 0 0 0 0 0 0 0 a0 0 0 0 0 a 0 0 0

to o 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
11 0 0 0 0 0 a 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
12 0 0 0 0 0 0 0 0 0 a 0 0 0 0 0 0 0 0 0 0 0
is 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
14 a 0 0 0 0 0 0 0 0 L 0 0 0 0 0 0 0 0 0 0 0
is 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1? 0 0 0 0 0 0 0 0 0 a 0 0 0 0 0 0 0 0 0 0 0
to 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
19 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0
20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
21 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
22 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
23 0 0 0 0 0 0 0 ) 0 0 0 0 0 0 0 0 0 0 0 0 0
24 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
25 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
26 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2? 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0
20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
29 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
30 1 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0
31 0 1 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
32 0 1 0 0 1 0 0 1 0 0 a 0 1 1 a 0 0 0 0 0 0
33 0 1 0 0 1 0 0 0 0 a 0 1 0 0 0 0 0 0 0 0 0

LMAT(MvNe 41

*4N Na 2 3 4 5 6 7 0 9 10 11 12 13 t4 15 16 1? 18 19 20 21 22
i1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

2 o 0 0 0o0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
3 0 0 0 0 0 O 0 0 0 0 0 0 0 0 0 0 0 U 0 0 0
4 0 0 C 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0S5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

i \6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
? 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

S8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
so 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
11 0 0 0 0 0 0 0 0 0 a 0 0 0 0 0 0 0 0 0 0 0
12 0 0 0 0 0 0 0 0 0 a 0 0 0 0 0 0 0 0 0 0 0
13 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
14 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
is 0 0 0 0 o 0 0 0 0 c 0 0 0 0 0 o 0 o o o o
16 0 0 0 0 o 0 0 0 0 o 0 9 0 0 0 o o o 0 0 0
IT 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O u 0 0 0
to 0 0 0 0 0 o 0 0 0 I, 0 0 1 0 0 0 0 0 0 0 0
IV o j, 0 0 o 0 0 0 o 1 0 0 o 0 o 0 0 0 0 o o
2.0 0 o 0 0 0 0 0 0 0 0 L 0 0 1 0 0 0 0 0 0 0
21 o 0• 0 0 0 0 0 0 G, 0 •. 0 0 0 1 0 0 0 0 0 0
22• 1 0 0 0 o 0 0 o 1 1 0 o 0 1 0 o o 0 0 o o
23 0 0 0 a0 , 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
24 1 a 0 0 0 1 0 0 c I I o 0 0 0 0 0 0 0 0 0
25 1 0 o 1 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0
26 1 0 0 1 0 0 0 0 0 C 0 0 0 1 0 0 0 0 0 0 0
27 0 1 0 0 0 0 0 0 0 0 0 0 0 1. 0 0 0 0 0 0 0
26 1 0 1 0 0 0 0 0 0 C 0 0 0 0 0 0 0 0 0 0 0
29 1 o0 1 0 0 o 0 0 o 0 0 0 1 1 o ; o o o o
30 1 j) 1 o 0 0 0 0 0 c c o 0 0 1 0 0 0 a o o
Si 0 1 1 0 0 0 1 0 0 o 0 0 0 0 0 1 0 o 0 o o
12 o I o 0 1 o 0 1 0 0 0 0 1 0 1 1 0 0 o 0 0
$3 0 1 0 0 1 0 0 0 0 0 o 0 0 1 0 1 o 0 o 0
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Table 5.9 Sample of Displacement Increments Array During Time Increment

399 to 400 for M4 a 2 and 10

fliSPLACE"ENT INCR4EMENTS BETWEEN T.1. 399 ANC 400

2 1 UIIMONO U2109N) 3"N
2 1 0.030C000000000000E00 OCOOOOOOOE 00 0.0000000000000000E 00 oooooooooe0
2 0.000004000000000OE 00 -0*?#2?08642608*424E-04 -0.1SN?4l.5645534234E-03
3 0.OOCOOOOQOQOOOOOOE 00 -0.5242663369540224E~-04 -0.1525946892134154E-03
4 0.O000O00000000000E 00 0*1259292905004027E-04 -0.3351811S02311134E-03
S 0.00GO000030%00000OC 00 0.6076599370272482E-09 -0.1929053428044?L0E-03
6 0*OOVOOOOOOOOOOOOOE 00 -0.1612S26S6134?46$E-03 -0.23979958653876636-03
? 010000000000000000f 00 0.150$384601163329E-04 -0*2566659186010989E-03

6 .0000000000000000E 00 -0.13582991432S505LE-03 -0.3?40?1S164?691516E-03
9 0.03COOC000000000OE 00 -0.?863966?04239465E-04 -0.34401306?21*1165E-03

10 0.OOOOOOOCOOOOCOOOOE 00 -0.9031094348967919E-04 -0.4518981913663369E-03
11 0OOO000000000000OOE 00 -0.2156369??3652301E-03 -0*1262405221485340E-03
12 0.OOOOOOOOoOOOOOOOE CO -O.200S?38904093Z4?E-03 -0.9512025336342927E-O4
I$ 0.0000000000000000E 00 -0.414745?63756?605E-04 0.3013064685941810E-03
14 0.0000000000000000E 00 0*S1232?1123S073S6E-04 0.56229?194S1?396?E-03
15 0.00004GQ0000000000E 30 -0.1962291869902040E-04 O.967661632527S087E-03
16 O.O0G000OOCQQ000000E 00 0.Z551052649710263E-04 0.1258792139171492E-02
17 0.00)0000OV~r'000000E 00 0.516S390?236?S440E-05 0.1708308245429524E-02
18 0.0000000000000000E 00 *0.&6$8S709Z?802#,2i~-04 0.2062872361405049E-02
19 ().OOOOOOOOOOOOOOOOE 00 0.62711OS5S5497'F3$E-04 0.250335749?101452E-02
20 0.OOOOOOOOOOOOOOOOE 00 -0.11076?0067610243E-03 0.2915668046368819E-02
21 0.OO0OUOOtci,'JOOOOOE 00 0.742396971.S9647SOL-04 0.3062659663?696436-02
22 0.0000000000000000E 00 0.7643984354499332E-04 0.329925707148542?k-02
23 0.OOOOOOOCOOOOOOOOE 00 -0.SZ2S6$2S27510G61E-04 0.33 1969555622838SE-02
24 O.0.uOCOOOOOO00000E 00 -0.271979444651,82M&-04 0.3269?16456Z6319$E-02

25 O-OOcOOOOOOOOOOOOOE 00 0.52035592?94546$4E-04 0.31520Z22646047008-02
26 0.0000000000000000E 00 0.t3?75544YLZ92373E-03 0.314?978291336039E-02I
27 0.0000000000000000E 00 0.166?237905954689E-03 0.300153279?8092S0E-02
26 0.0000000000000000E 00 -O).37626012744881LOE-04 0.2?11703056054493E-02
29 0.OOCGOOOCOOOOOOCOE 00 0.1963360302321?45E-04 0.2837560213Z28i?6E-0230 O-OOGO000U00000000E 00 0a5S0416669246309LE-03 0.27a64es66bzossobE-02
41 0.QOOOOOOCOOOOOOOOE 00 0.1460446543131196E-03 0.2?20954831598117E-02
12 0.00OCOOOOOOOOOOOOE 00 0.6460706216664402E-04 0.?91?537258768694E-OZ
33 0.oo00Ooa0oooooocoe 00 0.0U0000000000000001 00 0.2877853662?53165E-02

10 1 o.OoGO03oCOOOOOOOOE 00 0.0000000000000000a 00 0.OOOOOO0CCO000000&6 00
2 -0.477075494935557&E-04 0.2473546957679SLE-04 -0.29744977463490?3E-03
3 -0.66115b71453665RE-07 -0.54153962628S98?4k-04 -0.'3117940Z'616110E-03
4 -0.3 349289')017Z0193E-04 -0.5064043114?779977h-04 -Uo4625365204107660E-03
S-0.S109789316327889E-04 -O.1106942912016846T-03 -0*5790938??7C45993E-03

6 -0.7643822324891550E-04 -0.16223042Z,4?8397E-04 -0.6S31368S7140760E-03
7 0.65d'5251803264600E-04 -0.5096290736340?40E-04 -0.7S6109307845j202E-03
8 0.5377344060740Z0SE-04 -0.9325751?64318133E-04 -0.9671590?0644456SE-03
10 0.2190741636500994E-04 -0.8007435645953491E-04 -0.5('!0598450977380E-03
!0 O.1406ttOI126356095E-03 -0.164?7Z7390ZJ?941E-03 -0.9I06i03605$GaLS3E-Q3

11 0.65650 10450412602E-04 -0.5206S5861850533SE-04 -0.7197508716649219E-03
12 C.28864SS583920303E-06 -0.1196274021,712M5E-03 -0.618810?592955552E-03
13 0.872064537S8007517E-0* -0.1223861543029325t-03 -0.31CG9125740850136E-03
14 0.51235169512770359E-04 -Q.4SS0967341690Z1E-04 -0.45801121051181ILE-04
15 -0.411010653102S054E-05 -0.142904?9419088S3E-0) 0.2418446107460484E-03
16 0. 2394062691085433E-04 -0.49328S5962?G4356E-04 0.394311 5343312060E-03
17 -0.*89627625935951 90E-04 0.494Z113923SI9602E-04 0*5776552695912365E-03
is 0.?3201695639668778-04 0.93567Z155?&?93S61:-04 0.SST9?213531Z53156E03
19 0.182662802749422SE-04 -0.469S4408302190??E-04 0.1181383382899804E-02
23 0.393861250a7077e6E-06 0.1263560251653363E-04 0.14726331S625aME6-02
21 -0.2424859029020a59E-04 -0.446S979753?81G46E-04 0.0102?2613689324SE-02 .
2;e *G.1128101383G77705E-03 0.2866L447988506?30t-04 0.183875866S3?9099E-02
23 -0.891397464872?T32E-04 0.4544514744573254E-04 0.19344S6?61056946E-0Z
24 -U.263679a199eS6760E-04 -0.1127969430924%00E-03 0.2024249062362166E-02
25 -0.567761624257693SE-04 -0.07O7286SOUTISSSE-04 0.1938314404194014E-04

r26 -0,96064Si08063607SE-04 -0.28995964167910641:-05 0*19L7558599208607E-02
2? -0.101903225403356SIE-01 -0.8519200370223044E-04 0*1083803019306176E-02
28 -U.24131251340S7902E-04 -0.30572526240736058-04 0.1S9909444886?4&IE-02
N9 -0X1027788702619M5E-03 0.5713905676281226E-04 0*1S15292376SQ9o00OF-02
~10 0.1194932407458604E-04 -0.S9480412262??SSIE-04 0.I?30?855145165I5E-02
11 -0.9991468?S4069COSE-04 0.1015698S65135332E -03 0.1969018202427332E-02
32 -0.d.39(19142255684S1E-04 0.3949491148134010C-04 0.19290SO169380239E-02

%I -0.8849211113O5373SE-04 0.0000000000000000E 00 0#I7S70401834S7I14E-02
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Table 5.10 Saaple of Cartesian Coordinates and Pressure Arrays at Time
Step 400 for H - 2 and 10

fine Mp *0,1 FINE %110Sfo-o

k V.N0h 400.'4 .o* comN1r~
* a o. vooooocoo'x.,oooor 00 0.ooc000100*00-00000000E 00 0.000000000u00000901 00 0.0cCOOOOOCcCCCCcCOO CO

3 0.00000COOM0OOOOO1 00 0.1991031SP3460056E 01 -0.2$21~161C51.585924E 00 0.24M14S11I49S4243OE-04
2 G.V03000003u00000F 00 O.19e33?1&199253,09 01 -0.112b2&0401176217301 00 C.2311S1?C0SC919DE-G4

6 0.1000C003000,000EF0 0.49?77V921312e616E 0 -0.62186S57403240?3k 00 24121664fC
IF 0 c*30JC0001jjO)00000 00 0.59?3S736596215761 01 -o.?49m195417249l401 00 C.2195O029149G5?36E-04
& 0.0000"00 000O0000t 00 0.,9?02O46?9342300E 01 -0.168729131305340E 00 0.2132911400?C691110-04

?9 0.3O0304000C,C000000t 00 0.?96?0660560SO1001 01 -0.984101?0?709634SE 00 0.21149943IS246166E-C4
10 0.101000*003010t00or 00 0.3964?S*0S4262459E 01 -0.1093011575097017E 01 0.2C41220613334COME9-04
It 0..^00uo0v0ij00000 00 0.9962482990428790t 01 -0.119644094317149$E 01 0.20S413361060101693E-04
12 0.10000.10001000GO00V 00 0.1096164?3?01849LE 02 -0.L292564567481262E 01 0.2C30?0941461440CE-C4
13 0.300'JOCOOOOCO0000E 00 0.11960699MUM372k 02 -0.138026608S20S169E 01 0.2C141S3274997134E-C4
14 0." 0100CO0C'0U0000(i 00 0.L2961S53315233641E 02 -0.109436641965S245c6 01 0.I-9?615S83C18S46E-C4
Is 0.003000C00C000O0OV 00 0.1396168960406?34L 04 -O.1530S1?I9??5S5aOE 01 0.1987054514231753E-C4
16 0.0O1O010000~0300Ioo 00 0.14963147503956?9E 02 -0.15'OS319604052016E 01 0.1S&2569959*!iS4E-C4
17 O-^0000CC0'3uO0Ct0OOF 00 C.15Y642OS92296380t 02 -0.1bS3251Q4474303v1 01 0.1981?G461i,641544E-C4
I& 0.10OO3COO00UOOGOOE 00 o.L6966o5526134823k 02 -0.1706222462739066E 01 0.190516423710430E-04
19 o.000030O)U0)30000V 00 0.1796?7OS99010062h 02 -O.L?5366

3
331')3?$6?E 01 0.1992699?4C96524E-C4

20 0.00001)00005~000000E 00 0.18q7011LOLWM10E Q2 -a.1?96563006663662F 01 0.2CO46~1416436SS1E-S4
21 0.0OOQ3COOCOG00000E 00 0.1997216609402501L 02 -0.1S34433iS401,536LE 01 O.2C20330a)622SS9-04
22 0.COOO0COOJOvOjOOOOE 00 0.109?4?146?5963L05 02 -0.1866393ae35?596E 01 C.2C3949?396149922E-04
23 0.00a300300000000001 00 O.2I977072012%i86TE 02 -0.1098361244352068C 01 0.2C6I?50S04CC3e?4E-C4
24 0.OU0OcOCOOOGOrc001 00 0.22979658S19L6d9YE 02 -0.1924200070iE.561?E 01 O.2O8S644?G%6C1C2?E-C4
25 Q.O0000COO0OCCC0001 03 0.239S17?37110006i: 02 -0.1946092060?0?336f 01 0.211313144S976994k-C4
26 O.003 Oj3O000FQ 00 0.20#984249527221941: 02 -0.19665.19?I3263S5Eb 01 0.2140658426237269E-C4
2? 0.000-0000,0~0Q00COQt 00 0.2598635S556126021t; 02 -0.190409?6690590OZE 01 0.21&S004057234624t-04
20 u.0000JC00*)0',.)OC)9E 00 0.2698SS661I?99i44E 01 -0.1999Z5S4i654 450E 01 0.2t9423?3I163763F-G4
29 Q.300000".10c.00C000 03 0.2?990?96S142029?E 02 -0.20114179686S32?9SE 01 0.22I1?99293?ICS6E-C4
30 0. ýO00JC00COCOIC00 00 0.26991011P1564056E 02 -0.20212024?27310501 01 0.2237901S61S25IC4E-04
31 0.0000CO0Qý,0rJOc00E 00 0.299954159594924LE 02 -0.k0301076559605YE 01 0.125310015361221?E-C4
32 U )Q030)000ý0ý0~000E 00 0.3099?43194IS20?f 02 -020!509?5?0%681S0?1 01 0.2262603252C6C&251-C4

33 Q~U0c0L~c1 00 0:20000000 2 (:Ob04993 01 O:226511380644i3123E-C4

2 0.?91969T?74Y0?4E 01 O.99?268J76936446Sk 00 -0.10194462966004601 00 0.2561981662961046E-(,4
3 0.799

9
?IZ20~b12

9
09f 01 0.1994SOOL0252S932k 01 -0.2033917671e31318E 00 O.2489I915S3914e95E-'U4

4 0.10002792A96#is1bF 11 0.Z99199o0?0208322E 01 -0.3037209g1T393019E 00 0.24221010152921168E-C4
5 o.e0004J3?h15?L3R6E C1 0.398962658884i$?E 01 -0.402S6013417172?1E 00 0.23604?96972253211-04
6 0.839008l669?31910F 01 C..49S?184640607?16E 01 -0.5003549457274461E 00 0.23041131S36799CCE-04
I O.fl00364,4651'.1.2'.?E 01 0.59854,2456861??9k 01 -C.3"6460293SS369t 00 0.M28213264263C65E-04
A 0.b035ZC6091566362E 01 0.6982969745122238E 01 -0.6676265?95014543E 00 0.2206405521IC93SCE-o4
9 0.900?329247163690E 01 0.?96153503050729SE 01 -0.?7365232?2206940E 00 O.Zt14435I?e416ZG?E-c4#
13 O.SaO95048862L9153F 01 0.0890908?02?1886E (j1 -0.05922927414?1640E 00 0.112?661905292!75E-C4
11 0.8011690810294600E 01 0.997924296.047?33$E 01 -0.93?466098124S1?4E 00 0.2C9§C5S32W437E.87-cE
12 0.80139615SS925172F 01 0.109103144?96058?f 0R -0.10101236O?98532$t 01 0.ZG6680?4974913*3E-04

Is 0 101614111241IS34E 01 0 1197SL:145?561O&E 02 :O.1076?266061:1334E 01 0 2043799S11160CC70'04
14 0.80S40 3128-26YE 01 0:129721 2?0311844k OR -0.113?100379SO2373E 01 0:2022929 4 31916-C4

15 08246:31 -1017 1 1 0.139TS53311810 0 0.1192097?041851262E 01 0.ZC07090?242CC734E-04
16 0.8002252 73237@11E 01 0.1497 145?00? 60f Od -0 124178) 664 10:)2f 01 0 1995170586794729E-04
I? 0.S024340O4811AB00c 01 0 159?99509621J136E 02 -0.12869?04680359666 01 0 19170449:64?;!06E:C4
1s C.632594368644?051 01 O.169S082~b?7463SQk 02 -0.)3 ?: 963,304332C 01 0: 9 25699 69 $S541-G4
19 j.60215417546708:4F 01 0.1798191073335$ 9k 02 -0 13 4 173? 944746t 01 01S535213E0
?0 0.302S617??26311:3f 01 0 .189029655055ju13t 02 -0.139??34f124;:46IE 01 0:19:3!47:62391564!:C4
21 0 a0)01613 53415 Of 01 0:1 94143o054e7366 02 -0.142724a9l7?2 9146 01 0 19S9 34 111041312E-G4

22 0.V0009053963S?420E 01 0.2099539%59123829E (02 -0.1453394068)219606 01 0.1997121629?55957E-04
23 0.90320303364369951 01 0.21986S42346219O4E 02 -0.14?6578C007S1553E 01 0.2C0742995275115CE-04
24 0.0032768695292153E 01 0.229S810893WS248231 02 -0.j496949?1(,i'488E 01L 0.2019607351429349k-04
25 0 30f2:64961?5932F 01 0.2398956122261444E 02 -0. 1 s 15 10 115.)fb )eSaE 01 0.ZC3312@69449?12$E-04
26 0.20338 430 5934 990C 01 0.24990900737403151 02 -0.153097MR671430a11 01 0.204739?13SC35152E-C4

F2? rj.603419817?05SI966 01 0.2599221203461742i 02 -0.1ý,44449Is3319666saI Ct 0.2C61?51054G038?4E-04
28 0.40347609607030SS16 01 0.269933313192641?IE 02 -0.155561?90489S5S7E 01 0.20?55200565C5SIE-34
29 a. 0346?40S231027SE 01 0:2799472303611451E U2 -0.156S422V?1391?227 01 0.20879S66426433C4E-24
10 [0.g'j3543?S64;2;3Sf6 01 0 2S99589896968563E 02 -0.15?303299901?969E 01 0.2C9849AZ?33?9995E-C4
31 0 ., )IS2434o33 S555E 0 0.29997322262993966 02 -0. 15 7 952 ?6 5? 92 4640 E 01 0.2106467704S940,qE-o4
32 O.80IS413447AS01692E 01 0.3099859116*7,941E 02 *g.1,6021S6062213971E 01 0.21114492720346116-J44
33 3.8,115281F0965U26ME 01 0.3200000000000000E 02 -C.1543462396o72416E 01 0.2113Ij13789?6S94t-c4
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Table 5.11 Sample of Surface Normal Components Array at Time Step 400
for M~ 2 and 10

TI0ME S~k' TI14k ).15,300C0.'-()
StINVACE& '10*AL VEC!0$ Cf)W&23%,ENT

N N SNIM,~ISN2II',Fd
2 1 ZU00CC33(00 0.126943S2363?7335k 00 0.99203717494'.6VO0E 00

a 0.j0Co0QUCQ0C3!0gro) 00 0.1a574314a75424J7E 00 0.49206283I0AA8?C5t oc
S .OOOQ4Oon 00 0.l2bQ9tu6Z9lO4tPl7E Go O.99Loi080'I62945FE 00
4 ý.0;NJ00CV0'C000A)uOOF 00 U.12521j63S50s588it 4,v :99q2t300291ely581r 00

~ .~J)C0%0COE00 O.12434604511877116k 00 0.ý9923b912ýIA3!93E 00
to o.)i30oC00000~o~CC00 00 00 12246273d324021t Or, 0.9914'9413C?724104 00
? 0.)OflOCOO'n1CQOOOOO 00 n.120C0987026664956 00 0.99Z7726976092886C 00
0 0.00ClC.'C cE0 0.116737517626)626E uu Q.9931628023533890E 00
9 O.fl0C0ICC0C0C7000C'E 00 C.1120704-JYOOQ6ISE 00 uj.9937002581e6c2At2 00

10) 0.')C02003C JC00030T 00 0.1030160330552835E 00 Q.99A3857235kA04?4E 00
11 0.Jtfl00C300C;C00000E 00 0.9911061O2L81?l43E-01 01.995076b4n274.9?S4E 00
12 ^.0000J3CCIC0C0000JE Ac 0.416081644S6633S11-31 0.995795I1flt4Z;735E 00
13 ,. )OO0O)CQ0UOCWOOOOO 00 0.R3150O45SZ59d05?k-JI o.996537c'98s8778Eo 00
1ý 0.1090G.0Q0J0003CEo~ 00 0.7506055814267183E-01 0.9971?69?7205A4o!SE 00
1;) C.'ý0100iC00JC0')00E 30 O).6773044949466867k-Ot 0.99770315650891I04E 00
16 C.oOOOCOOVJCUOCOOEF 00 0.60991485431?6OVZE-0j 0.9981382863635817k 00
17 0..fl0o003C34)0Qn000F 00 0.552A623F)094i391E-0j U.9984709462792AZ5E OC
is 0.'OOOOCOOOOQ4('0000F 00 O.i005440716302291t-u1 o.998746492b20:l73n 00
19 u.)IO0000C(0CCOOOOO0F 00 0.4503310742402104E-01 ý).9Y9S9S4V50076784E 00
2U v.CCtO0Cu0tQOoot'oE 00 0.40262970357C6706E-01 O.9991891lS40673E 00
?I 0.OOOOOCCOOJCOOOI 00 0.3500995034336639&-01 0.999350610042?Y53E 00U
22 0.200C00000jC00000F 00 0.1188060268951205E-01 0.1994916143936Q;0E 00
23 0.'),50D020o0U0o00FC0 00 0.2782353447274756E-01 -j.94Vu128%03831914#E .20

a,1 C.)oOOUCCOOCCO~OOOO 00 0.2111620')1?046566k-01 0Q9997770279894290E 00
2a 0.00O403COOCOCOOOOOE 00 0.185571060S85?892E-0l 0.99982?10206929161 00
217 0.03C0)000 0 0.1632049397970076E-01, u.V9VSA6SIIBAOSQOO3E 00
2a 0. 3C3)C00C,0CW000F 00 Q.I3SSSSO60395L15E-01 0.999903961005446&'E 00
29 0.ý0000C00oc02c00oE n0 0.1144781094096897k-01 0.99949344)34550409E 00
30 U.)u:WO)CO=CCioCo~OF 00 0.9o92?1538369dt4E-0t 0.9999586A043q9945t 00
31 J.JCOCJOoE 0 0.64306970341124475-02 0.9i99793228b40%IbE 40
32 C.ý00OC1C3o3)00j0COr 00 0.3279262361539969E-32 0.9999946230'91413E 00
33 0, '3'.00C00GJC000O0E 00 0.00000000000000005 00 0.IOOOOOOOOOCOOCaoE 01

to I o.3oooooooo0fOOOoF 00 0.l01941941ZZ34tl36E 00 0.99479C3s10739121C 00
2 -O.Th,437C076l,322b74E-0z 0.1014437297S62617E 00 0.9948Z2702iO039l7E 00
3 -Cj.11431R2664749513E-01 0.1006425423111331E 00 0.99435489021934b4E 00
4 -b'.1736Q9839k,1034&SF-01 0.9946l3c4396d8992E-01 0.9948878C76213138E 00

2-uj.2335u7328991h596F-01 0.980664'730SzSOIE-0I O.99*905fl997462755 00
6 -1.2917151516688620E-01 0.960?035304207t*TE-01 0.4949469674S4198dE 00
7 -3.349724Z302421939E-0I 0.9342310123212040E-01 0.9950120133461687C 00
8 -C.4102RGR4H540fI99E-0I 0.89890567649547055-0L 0.995106d165U0eS1sE 00
9 -C.46949606?7276971E-01 0.856154922Z9&d173E-01 IU.952Z1443o5OS4j0E 00

10 -O).'2i8325374939417E-01 0.807flS4801207883E- I v.9v534778h7759427E 00
11 -C. 57A9888963237C055-ol 0.7530116006661580E-01 C.99547853**644958E 00
12 -0.62')8870339570264E-0. 0.69505970197?9763E-01 0.995590951822791E 00J
13 -0.6763709120161888E-01 0.6342168184504354E-01 O.9956'?21784194797E 00 '
14 -0.11803095142659.34E-01 0.,75849Z%49537t25E-o1 0.9957551365087836E 00 .
15 -0.7559603674216125E-01 0.i21960*'6550S2300E-01 0.995??13606882089E 00
16 -X.7908747727443144E-01 0.4735460494097715E-01 0.995?42Z8S3Z1SS66kt 00
17 -O.P2iS978550265740E-01 0.4297591378091432E-01 0.9956731361644351E 00
18 -CR1181256F0 0.388005791#1875966E-313a59397231 00
19 -C(.ý74772836029A34t¶-01 0.3414Z160525995135-0k 0.9955129439664531E 00I
20 -0. 3027,e31920854672t:-01 0.3120622659290592E-01 0.9954280832756631E 00
21 -0.9215066123071n45E-o1 0.277721918320f212E-o1 0.9953577050465760E 00
22 -3.1347l364425234159E-01 0.2460251474353664E-0I 0.Q9527u65t1o0I999E 00
23 -0.r)S2937A439i353Z4E-01 Q.2173305518367674E-01 0.99521I92546oa7716E 00
24 -0.9b35656945744200E-0l 0.1922648531231*SOE-0I 0.99516020t45I7759IE 00
25 -0.4?44107?54357098E-oI 0.16960687?7256063t-01 0.9950961775240891E 00
26 -U.'fl33780519312098E-01 0.1460344726292553E-01 0.9950459163254145E 00
27 -0.9Sý92'C5959609420E-3I 0.1238696191573141b-01 0.9950213669746390k 00
28 -99400376f~f0 0.1044447%S460092SE-Q1 J.9949836849220726E 00

29 -0.W)92156550e,23991F-0t 0.8596928754512229E-02 0.9949562631454131E 00
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Table 5.12 Samplo of Stress Subincrement Array at Time Step 400 for
Layers K - 3 and 4

N M 6 ? 8 9 10 11 12 13 14 15 16 171 L 19 20 21 22

0 o 00 00 0000
2 0 0 0 0 0 o 0 0 0 C 0 0 0 0 0 0 a0 0 0 0

3 000000000 0 0000000 000
4 o 000 o 0000 0 00000000000S0 0O000000000 000000000
5 0 0 0 0 0 I) 0 0 0 C 0 0 0 0 0 0 0 0 0 0 0

0 000000000000000000000
S 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 09 000 1I 000000G0000000000
10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

12 0 0 0 0 0 0 0 0 0 0 0 0 0 n 0 0 0 0 0 0 0
13 0 1 0 0 0 U 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
140 0 0 1 0 C 0 0 0 0 0 0 0 0 0 0 0
is0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

I? u 0 0 0 0 0 0 0 0 0 0 0 0 0 n 0 0 0 0 0 0
ia0 0 0 0 0 C 0 0 C 0 0 0 0 0 0 0 0
19 0 0 0 0 0 a 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
21 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
22 0 2 0 0 a 0 0 0 0 C 0 0 0 0 0 0 0 0 0 0 0
23 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
24 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2S 0 0 0 0 0 0 0 0 0 c 0 0 0 0 0 0 0 0 0 0 0
26 000030000000000000000
27 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
28 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
29 0 ) 00 0000000000000000
30 0 0 0 0 C 9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
31 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
32 000000000 000000000000
33 o 0 0 0 C 0 0 0 C 0 0 0 0 0 0 0 0 0 0 0

LMATIMoNt 41

N M= 2 3 4 5 t 7 8 9 10 11 12 13 14 I1 16 1? 10 19 20 21 22
1 000000000000000000000

0000000 C0 000 0000000 0 0
3 00000000000000000000 1

0 0 0 0 0 0 0 0 0 c 0 0 0 0 0 0 0 0 0 0 0
5 020000000 C 00000000000S000000000000000000000
7 020000100 0 0000000000 0

0 0 00 a G O0 0 c O0 0 0 0 0 0 a 0 0 0 0
a 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 00

11 03000000000000100 0000
12 0 00000000000000000000
13 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
14 0 0 00000000000010000000
1i 0 j 0 0 0G 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
16 0 0 0 0 0 0 0 0 0 0 0 1 1 0 1 0 0 0 0 0
13 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 00000 00 00 0 00000000000 0

2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 021 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 018 000000000000000000000
20 0000000000000000000000

22 2 G 0 0 C C C 0 0 0 0 0 0 0 0 0 00 0 0
23 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

23 a 0 0 3 c 0 0 0 c 0 0 0 0 0 0 0 0 0 0 0
2S 0 0 0 a 0 0 0 0 ( 0 0 0 0 0 0 0 0 0 0 0

06'3•00000000200000000000
Z6 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
27 2 00000000 0 00000000000
20 0 20 0 0 1 0 0 0 0 L 0 0 0 0 0 0 0 0 0 0 0
29 0 0 0 0 0 0 0 0 0 c 0 0 0 0 0 0 0 0 0 0 0
30 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
31 0 1 0 0 0 0 0 0 0 C 0 0 0 0 0 0 a 0 0 0 0
32 0 f) 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 ,0
13 0 0 0 0 00 0 0 0 0 0 0 0 0 0 0 0 0 0
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Figure 5.6 Cal Comp Plots of the History of the Surface Elongational
Strains Along the Mesh Directions at the Center of Plate
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5.2 Example 2: Impulsively Loaded Cylinder

The second example involves a dynamic buckling problem: determine
the final equilibrium configuration of a clamped end, aluminum cylinder
due to an inwardly directed, instantaneous impulse delivered over a
rectangular region of its surfac . The impulse imparts a uniform
velocity of 7500 in/sec over an 1800 arc extending the entire length
uf the shell. The dimensions and geometry of the problem are shown in
Figure 5.7. The example employs the following REPSIL options.

* Cylindrical shell initial geometry

eInput card specified impulsive loading

oClamped edge and symmetry edge boundaries

oElastic-perfectly plastic, strain rate insensitive material behavior

• Damping procedure

The material properties of the aluminum are:

Young's Modulus E = 10.7 x 106 psi

Poisson's Ratio v = 1/3

Yield Stress a, = 42,000 psi

Mass Density p = 2.59066 x 10-4 lb -sec 2

4S~in

As already indicated, the material is assumed perfectly plastic at the
yield stress and independent of the strain rate.

Advantage is taken of the symmetry of the problem to restrict the

analysis to the portion of the shell on the positive side of the y2, y

coordinate plane between the y , y coordinate plane and the crossectional
symmetry plane, located midway between the ends of the cylinder, Figure
5.7. This makes edges 1, 2 and 3 symmetry boundaries and edge 4 a clamped
boundary (compare with Figures 3.1 and 3.7). Also, only 180 degrees of
the circumference and half the length are prescribed as the input
dimensions aid the loaded region is restricted to the first 90 degrees
arc. The example uses 20 mesh intervals in the circumferential direction
and 12 in the axial direction, giving an almost square mesh. The thickness
is divided into 4 layers. The time increment is deliberately set equal
to zero in order to assure that the stable time increment determined by
the program is used to solve the example.
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The damping option is used to obtain a final equilibrium configura-
tion. Based on a preliminary solution of the example without the use
of damping it is determined that most of the plastic work is accomplished
by time step 270. Hence, the damping for this example is picked to begin
at time step 270. The example is set to ruw, until time step 600, Since
the run may not be terminated by damping before time step 600, provision
is made for collecting information for a restart run every 100 time steps.
Table 5.14 lists the input data for the run in the order shown in Table
3.1, Notice that while the diameter to the outer surface is specified
in Figure 5.9, Card 14 calls for the radius to the middle surface. Also,
because half the area associated with each mesh point along the 900
line (i.e. along M - 12) receives the full impulse, only half the
impulse velocity is assigned to these points in Cards 16a - 16t.

Tables 5.15 - 5.23 give sample listings of the printed output.
For the sake of economy, only the values of arrays Ui(M,N), Yi(M,N),
SN] (?I,N) at M = 2, 12, 22 and 1 s N s 13 (i.e. along the 00, 90', 1800
meridians) are given. Also, the LMAT (M,NK) array is given at K = 1,2.
Figures 5.8 - 5.11 give examples of the plotted output. Notice that
the damping operations terminate the run at time step 525, corresponding
to approximately 643 microsconds.
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Table 5.14 Input Data Cards for Cylindrical Shell Problem

Card 1 EXAMPLE 2 FULL CYLINDER WITH IMPULSIVE LOADING

Card 2 20 12 4 0.0

Card 3 600 0 100 0.0

Card 4 2 2 2 1

Card 5 0 0 270 .IO0000E 00 .SOOOOOE-02

Card 6 .107000E 08 .33333333 .420000E 05 ,259066E-03 .4200003-01 1 0

Card 8 50 I 1 1

Card 9 7 100 125 200 250 300 400 500

Card 10 4 100 200 300 400

Card Ila 24 25 SO 75 100 125 150 175 200 225 250 275 300

Card lib 325 350 375 400 425 450 475 500 52S 550 575 600

Card 12 90.0 1.5 6

Card 13a 0.0 3.0 45.0 135.0 1

Card 13b 0.0 3.0 45.0 135.0 0

Card 13c 45.0 3.0 45.0 135.0 1

Card 13d 45.0 3.0 45.0 135.0 0

Card 13e 90.0 1.5 45.0 135.0 1
Card 13f 90.0 1.5 45.0 135.0 0

Card 14 .300000E 01 .295800E 01 .360000E 03

Card 15 2 11 2 13 .750000E 04 13

Card 16a 12 2 .375000E 04

Card 16b 12 3 .375000E 04

Card 16c 12 4 .37S000E 04

Card 16d 12 5 .375000E 04

Card 16e 12 6 .375000E 04

Card 16f 12 7 .375000E 04

Card 16g 12 8 .37S000E 04

Card 16h 12 9 .375000E 04

Card 16i 12 10 .375000E 04

Card 16j 12 11 .375000E 04

Card*16k 12 12 .375000E 04

Card 16Z 12 13 .375000E 04
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Table S.lS First Page of Printed output Summarizing the InPut Data and
Results of Stable Time Increment Check

r. XAMPI E 2 FULL CY1YkNDER WITiq TmPUI'SIVF LOADING e

Inl MESHES IN THE 6TA1 DIRECTIONe tDE141 nD,?3132if DO)
j2 MFWES IN THE OTA2 DIRECTION tDET&2 ao*29SOOoE 00)

$ENDING TINE INCREP4ENT8 o.689333E-05
4FMORANE TIME INCREMENT* 0.15790CEeOS
ANPUT TIME INCREMENT* 0O'OOOCOE 00

TIME INCREMENT USED 1Y RFPSL% 0*15000CE-05

YOUNG'S MODuLUR seO.20700D1 0.POtSSONIS RAT te no.33 3333F 00 YIELD STRESS a*'2D000DE OfMASS DONVIT.Y 80,2590665-03 THICKNESS 00-42o00W-01o

START AT TIME STEP 0
FINAL TIME STPO 600
SURPACF STRAINS teVERy so TIME STEP
RESTART WRITP %VPRY 100 TIME SYEP

LAYPR a 4 NSTRN a
LO~ 4 0 LORESS 0 0

BOUNDARY CONDITIONS
123a CLAMPEDISYMMETRY/HI.,NOED

q0GF1 a 2
EDGE2 a 2
c0GE3 a 2
FDO94 a

PRINT MPTION CONTRfLt rA

Oit. v NO PRINTP0RINT

PR!NT L MATRIX (LMAT) AT TWE FO1LLWING ?IMF STFPS
100 200 300 4CC

3-0 PLOTS PrR TWO rOIl-0WING TIME STEPS
2 5~ so 5 leaI0 150 175t' 200 225 29n 275 300 3?5 350 375 Ao425 ASO 475 500 SiS55~0 575 600

CONST:TTuIVE RELATION ELASTOPLASTIC..Nf WORK wARDENING.STRAIN RATE INDEPENDENT

STRESS.STRAIN AND STRAIN RATE PARAMETERS
%j sq0(J) SPPS(J OSRj ( 0t/PSRCJ)I 4.2nO0O00E 04 3-92523~36E-03 O00000000E 00 O.OOOOODOOE 00

START DAMPING &FTER TIME ATEP 270 T14E 80,'OSOE-oJ
uAw~r n0.lOOOE 00 0rACT %0,90006'02



Table S,.1o Second Page of Printed Output Sumarizing the Input Impulse
Vk, ocities end Sample of Third Page of Output with Initial
values of Cartesian Coordinates Array for M a 2, 12, and 22

* ,11) AN r) jS N W 13) $RFt.Ivr ~b vFk.Jh'ITYC'V$)I v.7'u0V(0Uf 4
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u i .?' 'irii' o ) M JW l C I-L) e 'ltlO~n fl.)O I,i , r i * I n A19un Cn7,)- L

-. , .ý,1 17Jurj, P i)C I C t. C ." 1Itoonofl000OndoE n a. 14IV'77l~oie
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Table 5.17 Samples for M a 2, 12, and 22 of Displacement Increments
Array During Time Increment 124 to 125 and of Cartesian
Coordinates and Pressure Arrays at Time Stop 125

0110.AMN C W~4 IOR"Itfs *say"## to$ i. W o 0~n1
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4 .O110010LoauOCOOOoO 00 0,S@9431,. *iI4107?00

0 00 00t In0 0UO0OU001 00 *ONisl01i~13P4 4~4fSiV4Jh,~~~~~~~~D 6,100uO003 00 0I@40 49431- Iis*'0,A*010141t

1. ,JI0I0M.UOVOC0000S 1 cc 40Slt0l~0.49049~PASl0u

,. ,.~ ooIt~o0o~P 0 000 050@0000001 00 O.ooo060006040oooo0

-0,P005~36170:6#661:03 *0.6416431090:9,99,1S~4

.c,43o?1~410)0@I ,1 so3 0 31 0

0,21,344404J9700f.0,11,010?9091349171-03 0P0Ij74Y~

.1 *,4t0044600 otii2olS'7o 79IS33~@d

A *.0nooo4o17 oe000 of700F0m 4.o0e00000 00 *T 3A pI k j v 41-4 o0 v t)C4
.' ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 4 1 ,00C01CjOF0 ,10000000000 1 If t0' or',46 000 4O 1

O.II4o00CWOC0~I,0I 00 - O.IA 4 16 t7I0 01.0 1 a%446-04 MIIA1 0'10,47t1 4 11 V

0 10000t OW 0~0^00CO 00 So109mxI9100 0,114 to971 w f, 7 4 46it 4

' 3,('O0C~j7S~0 00E CC 0,64t160930CIPOPF-m3 44

S , 0I0.0 o700 0 0 1979l05,004,1300m-o01 D17g00o79i37eoe7Vh-L0
14 )CICI0310 3I *0,S4?1oP0943 1197006no 0:l1..3.'7 01 O' UOOM OOF0
x~o~o0ci0 0oo~o *0,4167'1m9941T..oo6 1 t7~f?03I01 .btL4oooooF
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Table 5.18 Samples at Time Stop 125 of Surface Normal Components Array
for M - 2, 12, and 22 and of Stress Subincrement Array for
Layers K a 1 and 2
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Table 5.19 Samples for M 7 , 12, mnii 22 of Displacement Increments
Array Du.ring Time Increment 249 to 250 and of Cartesian
Coordinates and Pressure Arrays at Time Step 250
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Table 5.20 Samples at Time Step 250 of Surface Normal Co~noents Array
for M *2. 12, aitd 22 and of Stress Subincrement Array for
Waers K~ I and 2
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Table 5.21 5"Iem Ltw N 2, 12, WA m 22 of ka1..insmmt Iftfmen~ts
ArrayDWU Twian timaImumas 690% tesN mi s casatC.m
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Table S.21 Samples at Time Step SO0 of Surface Norml Components
Array for M - 2, 12, and 22 and of Stress Subincremnt
Array for Layers K a I and 2
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Figure 5.8 Isometric and Cross-sectional Cal Comp Plots of the Deforming

Middle Surface at Selected Time Steps Showing True
(Unmagnified) Displacements
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a. Entire history of the energy balance from 0 to 643 microseconds,
showing in ascending order the kinetic energy, total energy, total
energy plus damping work, and external work.
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b. Blow up of the history of the energy balance from 300 to 643
microsecond, showing in ascending order the kinetic energy', total
energy, and total energy plus damping work.

Figure S.9 Cal Comp Plots of the Energy Balape for the Impulsively
Loaded Cylinder
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6. IMPLEMENTATION OF LOADINGS AND INITIAL GEOMETRIES

REPSIL can be made to accept arbitrary impulse loadings, arbitrary
time and space varying pressure loadings, and, within certain limits,
arbitrary initial shell geometries. This involves a small amount of
programming confined to certain REPSIL subroutine: INVEL, PRESS and INGEOM.
This chapter describes the acceptable ways of implementing loadings and
geometries into REPSIL so as to be compatible with the code's formulation.

6.1 Two Approaches to igaplementins Loads and Geometries

Implementing a loading or an initial geouietr/ in REPSIL basically
involves assigning to each mesh point (m,n) a value of initial impulse
velocity or a value of pressure for each time step, or values of the
initial coordinates of the middle surface. These values can be assigned
in two ways: first, they can be read off a tape or cards and assigned
to the mesh points by the appropriate subroutine; second, an analytical
expression programmed into the appropriate subroutine can generate these
values, which the subroutine then assigns to the mesh points. The first
approach requires that data be generated outside the program and be read
onto a tape or punched onto cards. The data itself can be generated
analytically, numerically or experimentally -- this approach will accept
all; therein lies its advantage, especially for ad hoc problems. Its
drawbacks are the tediousness of reading onto a tape or punching onto
cards large numbers of values especially when many mesh points are
employed, and necessity of regenerating new data for a given physical
problem whenever the number of mesh intervals is changed. The second
approach has none of these drawbacks, but does require that the data
be expressible analytically. These analytical expressions are most
conveniently written as functions of the underlying material coordinates

(n1 2) rather than the mesh numbers (m,n), for then the forms of the
expressions are not affected by a change in the number of mesh intervals.

The value of such an expression at a mesh point (m,n) is obtained as the

value of the function at the material coordinates (n I. 2 ) corresponding
to the point (m,n)

(n) n 1 + (m-i) An 1 n2 (n) rn2 + (n-1) An2  (6.1)

* These equations are closer to the indexing of m and n used in the
program than (2.1), reflecting the fact that FORTRAN does not permit
zero values of array indices.
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where, for M x N mesh intervals, 1 < m < M + 1, I < n < N + 1 and

1 1 2 2•
l nfl , no 2* nf - r 0 (62

An1 a M a N (6.2)

In the subsequent sections, in which the implementation of the loading
and geometry subroutines are individually described, the two approaches
are again covered, as they apply to each subroutine.

6.2 Subroutine INVEL

Initial impulse loadings are specified in subroutine INVEL. At
the zeroth time step INVEL assigns a value of impulse velocity to each
mesh point. The velocity is free to vary spatially over the shell
surface, but at present is restricted to be directed along the normal -

a minor restriction that is easily remedied by allowing tangential
components to be defined through the middle surface basis vectors, see
Section 2.3.

As stated in the previrus section, two approaches can be used in
programming INVEL. With the first approach, INVEL simply reads off
cards or a tape a sequence of values corresponding to the normal
velocity v at each mesh point. Each value is immediately multiplied
by the surface normal at tho mesh point to give components of the
velocity

Vi . v n , (6.3)

which are then stored in the as yet unused three M x N arrays Au (mn).
A form of this approach is used for the subroutine INVEL present!,- in
REPSIL, which is specified on input Card 15 and 16, see Section 3.2.
(A listing of this subroutine is given in Appendix E.)

The second approach requires some analytic expressions of the form

1 2v = v (n ,2) (6.4)

for the normal velocity as a function of the material coordinates. The
material coordinates are limited to the rectangular domain specified in
INGEOM, see 16.10) of Section 6.4. With this approach, (6.1) and (6.4)
are botn programmed into INVEL; (6.2) need not be included since the

increments a. are calculated in INGEOM. INVEL determines the normal
ielocity it me--h pozits by calculating the values of the material
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coordinates at the mesh point (m,n) using (6.1) and substituting these
values in (6.4) to obtain

v(m,n) - v(n cm), n (n)). (6.5)

As with the first approach, these values are immediately multiplied by
the normal to obtain the components of the velocity at (m,n), which

iare then ,tored in the three M x N arrays Au (mn).

6.3 Subroutine PRESS

Time/space varying pressure loads are specified in subroutine
PRESS. Each time step this subroutine assigns a value of pressure to
each mesh point.

With the fir;t of the two approaches to programming already mentioned,
at each tima step PRESS reads off cards or (more usually) a tape a sequence
of values of the pressure P at each mesh point and stores these values
in the M x N array P(m,n) for later use in subroutine W)TION, see
Section 2.3. This approach has becn used in REPSIL for a number of cases,
in which the pressure data has been exp-)rimentally/numerically qeoerated;
reports on these cases are in Yr paratiLn.

For the second approach, analytic expressions fcr the pressure
as a function of the material coordinates and the '.ime:

IP a ( ,nrt) (6.6)

are rrogrammed into PRESS, along with (6.1); the material coordinates
are limited to the rectangu'ar domain (6.10) specified in INGEOM. At
each time step 1, PRESS calc..ates the pressure P at each mesh Roint
(m,n) by determining the material coordinates of the mesh point fr-'m
(6.1), the value of time at time stop Z from

t(C.) l x At (6.7)

and substituting these values in (6.6):

1 2P(m,n) i P(nl(M), n (n), t(L)). (6.8)

As with the first approach, these values are stored in the M x N array
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P (m,n). This Pproach is used to generate the pressure data for example
problem I (Section 5.1); a listing of this PRESS subroutine is in
Appendix E.

6.4 Subroutine INGEOM

The initial geometry of the shell is specified in subroutine
INGEON. A new subroutine INGEOM must be written for each initial geometry
or at least each family of initial geometries.* The only restrictions
on the admissable geometries are that the middle surface be simply
connected and bounded by four smooth edges, such that none of the corners
formed by intersecting edges are reentrant or straight.

Particularizing the remarks of Section 6.1 to initial ,ometries,

the basic function of INGEOM is to set up a correspondence .atween mesh

numbers (m,n) and coordinates yi in 3-space through which the middle
surface of the shell initially passes; this correspondence should be
one-to-one. As already mentioned, two approaches can be used in
programing INGEOM. First, INGEON can just comprise instructions for

reading off cards or a tape a sequence of ordered triplexes (y , y 2, y )

1 2 3and storing those in three M x N arrays y (mn), y (m,n) and y (m,n).
iOf course, the sequence of triplexes y must be chosen carefully, not

only for sake of obtaining a one-to-one correspondence, but also in
order that the correspondence be topologically continuous in the following
sense: neighboring points in space are assigned adjacent mesh numbers in
the proper order, as indicated in Figure 6.1. This approach requires

that the increments in material coordinates, AnI and An2 , be assigned
convenient values that are subsequently used to form finite difference
quotients. Also, it is important that the number of mesh intervals
M and N assigned elsewhere in the program jibe with the spacing implied
by subroutine INGEOM.

The second approach uses one or more sets of analytic expressions

giving the Cartesian coordinates yi of the middle surface parametrically
as functions of the material coordinates no:

1 y y (n . n) , y2 y 2(n In2 ) , y3 a y3(nl Pn2 (6.9)

These functions are required to be continuous and one-to-one in the
domain over which the material coordinates vary; the domain itself is

* REPSIL has INGEOM subroutines for a flat plate, cylindrical shell and

conical shell programmed, see Section 3.2 and Appondix E.
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limited to sow rectangle in the material coordinates plane:

1 1 12 2 2n n n n n , (6.10)

Consequently, the parametric representation of the middle surface is

siqply a one-to-one continuous map of a rectangle in the 2I ,

plane into 3-apace, from which automatically follow the aforementioned
topological continuity and restrictions on the boundary. It should be
noted that the parametric representation is not unique--many exist for a
given surface. Moreover, the material coordinates need not have physical
significance, such as arc length, angle, etc.. although often a
simple transformation can give them such meaning.

With the second approach, equations (6.9) are programmed into INGEOM,
as well as (6.1) and (6.2). For a given physical problem, the extent
of the shell is fixed by the limits on the material coordinates (6.10).
Once the number of mesh intervals N x N are specified, the subroutine

computes the constant intervals An using (6.2) and the values of the

material coordinates ni (m) and n 2(n) at the mush points (m,n) using
(6.1). Substituting these values of the material coordinates into the
analytical expression (6.9). the gubroutine calculates the Cartesian
coordinates of the mesh points:

y1 ylc (mn) y3 2 y (m(n) y (6.11)

thus mapping the rectanguar N x N mesh in the nIP n2 plane into a
curvelinear mesh in 3-space, as pictured in Figure 6.1. As with the
first approach, the subroutine stores these values in three M x N arrays.

The second approach to pregramming INGEON will be illustrated
with an example of a shell having !or its initial middle surface a
frustum of a circular cone with an axial length L, a spall radius R and

0

large radius Rf. Let the frustrum be located relative to the y 1 y2 Y3

axis as shown in Figure 3.8. With this orientation the coordinates of
the frustum are parametrically given by

yl nlsinn2,y2 I -Ra

Rf o 0

1 *l tiematria co ,dny3 .Ul si (6.12)
w' t:• the material coordinates limited to the domain



I2
Ro tn R ri < 2 IT . (6.13)

In this representation both parameters have physical significance: n
2

being the radius from the cone axis and n2 the anglo about the axis.

-IIThis representation is not uniquQ; for example, nrI can be replaced
by a parameter q measuring arclength along generators through the trans-
formation

"1 1
ni - n CcQ a

with . the cone angle:

Rf - 0
a - arctan L ' (6.14)

resul'ing in the representation

1 -1 2 y 1 3 o1 2
" n sill a(sinS)'CS (n y Cos sin Oa cos n

(6.lSj

with domaii-,

Iso (a Re0 csc a) < ri Sf (,- Rf csc a), 0 < n2 < 2 6)

Clearly. a transformation replacing n"2 by circumferential arclength
cannot exist, for it is impossible fcr the same angle n 2 at different

location along the cone axis to subtend equal arclength on the surface
of a cone. For the same reason, the imago of an NI x N mesh under the
representation (6.1S) or for that matter (6.12) will yield a curvilinear

rectangular mesh with nonequal rectangles: as shown in Figures 3.8 and
(6.2a, while the meridional lengths of rectangles are equal, the circum-
furrntial lengths increase with the radius. However, it is possible

"•.,ro' gh a juidiciou.ý transformation of or n into say n to obtaii,
nonuniform moridional increments that give simiiar rectangles (i.e.
rectangles of constant side ratio). Using differentials, the conditior

that constant increments L•l and gn2 gve rectangles with a constant
rnt..> "anal ":u ;iraunferential side ratir of v u,-n be wi tten as



iA 2
a an t

Assuming that n is a function of 1 and using (6.15), this condition
is shown to be equivalent to the differential equation

d K sin a K - K I

-1
Chosing the lower limit on n to be zero for the sake of convenience,
the solution of this differential equation yield the transformation

^I K sin a
n So e

0S
-1f

in the range 0 < K sin a < In o This transformation is substituted
0

in (6.15) to give the parametric representation
-1

1 2 K sin a
y S sin a X sin n e

0

2 cos a X (eK sin a n-1) (6.17)y=

y3 fSo sin a x cos n2 e K sin ay 0

over the domain

-1 Sf 20 < K sin a n_< ln --o , 0 < n <2w . (2.18)

Since the program specified the number of mesh intervals M and N rather

than the increments Ana, the constant K can be conveniently set equal to
unity. Also (6.15) and (6.17) can be summari-ed in a single general

representation by a change in the scale of n giving the representation

yl = sinci sin n2 f(n 1 si~nci)

2 1
y SO cos a [f(ri sin a) - 1] (6.19)

Sy 3 S o2
y S sin a cos n f(n1 sin a),
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where for a uniform meridional spacing

f(n sin ca)a sin a 1 < n sin a <S (6.20)
S
0

and for a constant side ratio

S,f(n sin a) = exp(n1 sin a) ; 0 < n sin a <In (6.21)

0

The programming of this representation is straightforward and is included
in the listing in Appendix E. Figure 6.2 shows the difference between the
two types of spacing for given M x N mesh intervals, reproduced from Cal
Comp plots.

J

a. Constant meridional increment b. Constant (almost square) side ratio

Figure 6.2 Comparison of the 18 x 9 Mesh Generated by Subroutine INGEOM
for the Frustum of a Cone Using the Constant Meridional
Increment Option and the Constant Mesh Proportions Option

125



REFERENCES

1. J.M. Santiago, "Formulation of the Large Deflection Shell Equations
for Use in Finite Difference Structural Response Computer Codes", U.S.
Army Ballistic Research Laboratories, Report No. 1571 February 1972.

2. L. Morino, J.W. Leech and E.A. Witmer, "PETROS 2: A New Finite-
Difference Method and Program for the Calculation of Large Elastic-
Plastic Dynamically-Induced Deformations of General Thin Shells", U.S.
Army Ballistic Research Laboratories Contract Report No. 12, December
1969.

3. N.J. Huffington, Jr., "Numerical Analysis of Elastoplastic Stresses",
U.S. Army Ballistic Research Laboratories, Memorandum Report No. 2006,
September 1969.

4i R.E. Dahl, J.R. Beeler, Jr., and R.D. Bourquin, "GRAINS--A Quasi-
Dynamic Code for Computer Simulation Experiments of Point and Line Defects
in Metals", Battelle Northwest Laboratories, Report 1248, UC-32, January
1970.

16

Fj



APPENDIX A.
FINITE DIFFERENCE OPERATOPS

The partial differential equations solved by the REPSIL code
er'iploy the following partial derivatives with respect to the material
coordinates: 2 2

2 2 1 a

5 , (an )an an (an-)
These partials are approximated in the code by finite difference

operators of order An j2 in accuracy. These operators, which were
symbolized by their corresponding partials in Section 2.3, will now
be given explicitly.

Let F(m,n) represent a typical mesh function (the position

coordinates yi or the bending resultants M, for example) defined over
the domain of mesh points m.< m < mf and n.< n < nf. At interior

mesh points where the mesh numbers (m,n) satisfy m. < m < mf and

ni < n < nfp central difference operators, symbolized by the superscript

c, are used:

AFc (m,n) F(m+l,n) - F(m-l,n)1n 2Afl

An 1 6

_FC (m,n) _ F(m,n+l) - F(m,n-l),

An2 2An2

A 2 F c (m,n) = F(m+ln) - 2F(m~n) + F(m-l,n)
(An1)2 (An1)2

A2 Fc (m,n) F(mn+l) - 2F(mn), + F(m,n-1) ,

(An 2 (A 2) 2

JFc (m,n) F(m+l,n+l) - F(m-l,n+l) - F(m+l, n-1) + F(m-l,n-l)

An An An1

with AnI, An (constant) increments in the material coordinates. Notice
that the mixed partials operator involves the successive application of
the first partial operators:
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.c ._AFC AFc AFC

A2 Fc (m,n) A-- (m+l,n) -" (m-l,n) _An- (mn+l) -An==-n (mn-l)
A 2 2AnI - 2Anrz

or more compactly:

6 2 F C A(4Fc) c A~ /0c c
2 a\C

Along the boundaries where m - mi or mf or n = n. or nf central

difference operators cannot be used to approximate all partials due
to F(m,n) not being defined outside the domain of mesh points. Rather,
some of the above central difference operators are replaced by either
forward or backward difference operators. Specifically, along m - mi.

A2F
or mf only the central difference operators A and are employed.

Thv remaining operators are replaced by forward difference operators
(denoted by the superscript f) along m = m

aF f 3F(m,n) - 4F(m+l,n) + F(m+2,n)= (m,n) fi-2Anil,

A2Ff .2F.(m,n) - 5F(m+l,n) + 4F(m+2,n) - F(m+3,n)
n 1) 2 1re n2=-

AFC (re,n) - 4 AFC" "ml n + AFC c -"i,

A2 Ff An- n) -4 -(m+l'n) + 3.- (An+2,n)
6n-n2' 2An1

and by backward difference operators (denoted by the superscript b)
along m = mf:

AFb ( =,n) 3F(m,n) - 4F(m-l,n) + F(m-2,n)
mn ) 2AI 1

2 bA F = 2F(m,n) - SF(m-l,n) + 4F(m-2,n) - F(m-3,n)
(An)2 n (An'1.) 28
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AF + AFC
3bF" (m,n) 4-4 1  (m-ln) (m 2 n)

A F (r,n) An An) An1 22n
Inl An 2An

Notice again that the mixed partials operator involves the successive
application of first partial operators (forward or backward with respect

to n and central with respect to 2):

a 2Ff a AF\ A2F b A /AFC b
-- (m,n) a - 0 J I

Anl1An 2 A ta2) 1 2 . Tn
An ~An \ n IAn An Ain '4~n

Where possible the code takes advantage of this fact to reduce calculations.

Along the boundary n - n. or n the central operators AF1 and(a 1 2 are
i f an 1 (An I)2

retained, while the remaining operators are replaced by appropriate
forward or backward operators obtained from the above operators by inter-

1 2
changing the roles of m and n, and n and n simultaneously.

At the corners of the domain where m - mi or mf and n - ni or nf

the remaining central operators are replaced by the forward or backward
operators appropriate to the common boundaries; in particulcr, the mixed
partials operators involve the successive application of the appropriate
forward or backward first partial operators -- for example, at m - m. and
n = f

A2 FI Ab~ f

An 1 An En \s~r12 /
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APPENDIX B
COMMENTS ON ELASTOPLASTIC STRESS EVALUATIONS

In the REPSIL code stresses at time t are calculatea in the
manner of (finite) incremental plasticity using the incremental strains

A which occur between time t - At and time t as well as stored values
of the stresses at time t - At. In the finite difference analysis
these calculations are made at every (mn) mesh node for each k layer.
Additionally, where the strain-hardening constitutive option is used,
stresses or. more precisely, substresses are calculated for each j
sublayer of the mechanical sublayer model (see [2; Section 5.4.2]) and
the stresses in each k layer are determined as weighted averages of
the stresses in the j sublayers.

At locations where the incremental strains AE8 entail plastic
flow, the flow parameter AX of (2.24) must be evaluated as the root of
a quadratic equation, see (2.26). An algorithm for dealing with the
various types of roots which may occur has been developed by Huffington
[3]. If complex roots occur this algorithm subdivides the elastic stress
increment, defined by (2.18), into L equal subincrements (for purposes of
stress calculation only) in each of which elastic stress increments
EaL
aoa /L take place. Stress calculations are performed for each of the

L subincrements, consecutively. If at any stage of this process a complex
root is obtained, the value of L is increased and the calculation is re-
initiated. This procedure is continued until real stresses are determined
for time t.

Experience with this procedure has shown that under certain
circumstances it may be desirable to use the subdivided increment
algorithm even when real roots are obtained for the full increment.
An illustration of this is depicted in Figure B.1, where for simplicity

it is assumed that a and a2 are principal stresses (a - 0). The

values shown on this figure were taken from an actual computer solution.
Starting from the stress state labeled "1", the components of the trial

E
elastic stress vector Au were calculated using ( 2 .] 8 ) and the correction

stress vector - AX was determined by use of (2.23) and (2.28). These
calculations which resulted in a real root for AX, indicate that the
actual stress increment Aa for the full time step is represented by
thu vector joining points "I"1 and "12". Similarly calculations for the

next time step result in a stress increment from point "2" to point
"3" and subsequent calculations indicate continued oscillations between
the third and fourth quadrants.

Suspecting that these calculations were inaccurate, the calculations
for the first time step were performed using t',:e sub~divitied stress
iPirement ali;.oritkrt with L.=Z. At the ,,d 'ef thte first h,.f increment,
the stress ,ttte labeled "i.5"1 was predicted anc, foi end of the second
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half step, the point labeled "2*". Thus, the revised stress increment
for the full cycle is presented by the vector Aa*. Repeat applications
of this algorithm using larger values of the subincrement counter L
did not produce any appreciable revision of the stress increment vector
Ao* so that this procedure appears to be rapidly convergent.

It is apparent that the inaccuracy associated with the use of L-l
in this example results from the large excursion outside the yield

E
surface performed by the Aa vector. As a rational approach to arriving
at . appropriate value of L to use in a given case, consider that the
yield surface is surrounded by concentric ellipsoidal annuli which are
labeled Lal,2,3,... as one progresses radially outward from the yield
surface (see Figure B.1). The elastic region within the yield surface
is arbitrarily designated L-O. Then the appropriate value of L for
the subincrement calculation would be deterRined by the designation

Eof the ellipsoidal annulus in which the tip of the &a vector is located

i.e., the trial stress state 3 given by (2.19). The analytical form-
ulation of the criterion for selecting L may be expressed as:

( T 2
L INT 1YLDFAC -,, ' !2 -l) +1

where INT si nifies the "integer part of" the quantity within the curly
Tbrackets. ",ite that 4T, the function defined by (2.20) with the com-

ponents of a substituted, is already calculated within the STRESS
subroutine to test for yielding. The coefficient YLDFAC is a parameter
(not necessarily integral) which permits variation of the "thickness"
of the concentric ellipsoidal annuli in stress space. The user should
choose YLDFAC to suit his compromise between minimum computer time
(YLDFAC-O, for which no subdivision of the elastic stress increment
occurs as long as a real AX root is obtained) and maximum accuracy
(YLDFAC-* -, corresponding to differential subintervals). Although no
systematic study of the effect of varying YLDFAC has been couiducted,
it appears that reasonably accurate stress determinations have been
obtained using YLDFAC - 1 with only nominal increases in machine time.
For this value of YLDFAC the ellipsoidal annulas interfaces intersect

the a' axes at integral multiples of the uniaxial yieid stress ao.

The REPSIL code now provides an optional printout of L (mn)
arrays for each k layer of the structural shell at specified time
cycles. These arrays provide a definition of the regions of the
structural shell within which plastic flow is occuring as well as a
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qualitative indication of the mag.rtude of the flow activity. Where
a strain-hardening constitutive model is being employeds the largest
value of L for any of the sublayers within the kth layer will be printed.

Samples of the L array print format are included with the example problems,
see Tables 5.8, 5.12, 5.18, 5.20 and 5.22.
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APPENDIX C.
DEFINITION OF PROGRAM VARIABLES

In this appendix we list the FORTRAN variables used in the program
and give a brief description of each, identifying where possible the
variable wit;a the symbol used in the body of the report. The variables
-ire grouped according to whether they are integer or real and whether they
represent an array or not. Within each group the variables are listed
alphabetically. Index notation is applied to certain sets of FORTRAN
variables, with Greek indices ranging over the integers 1, 2 and Latin
indices over 1, 2, 3, as before. These indices are not subscripted or
superscripted. Latin indices are distinguished from letters in the
FRTRAN names by not being capitalized. Input variables already described
in Section 3.2 are identified by a superscript 6.

C.l Integer Variables

Name Symbol Description

I Index corresponding to surface strain locations,
I < I < NSTRN.

11,12 Dummy indices for elements of the arrays MIIl(I)
and M12(I).

IBCEI§
IBCE25 Numbers controlling boundary conditions along
IBCE3§ edges (input data, card 4).
IBCE4§

IFLAG Control number used in subroutine PDATA.

II Dimension of DAT(J) array, II=2*NSTRN * 8.

ISR§ Strain rate sensitivity control (input data,
card 6).

Index corresponding to stress sublayers,
1 < J < NSFL. Also a general dummy index.

Jl,J2 Dummy indices for elements of the arrays NIl(I)
and N12(I).

K k Index corresponding to layer stations,
I < K < LAYER.

KD Dummy argument replacing K.
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KEY Control number governing mode of operation of
subroutine WRTAPE: 1. write data on tape

2, read data off tape.

Index corresponding to the Jth stress sublayer
of the Kth layer, I -c .< KJMAX.

LIMAX Total number of stress sublayers in the entire
thickness of shell, KJWAX a NSFLLAYER.

NN Total number of stress sublayers in the first
(K-I) layers, KN a NSFL*(K-l).

L L Number of subincrements into which the elastic
Em

stress increment Ao is divided for plastic

flow calculations described in Appendix B,
L < 100.

LAYERS K or Kmax Total number of layers into which the thickness
is divided (input data, card 2).

LC Counter for the elastic stress subincrement used
in plastic flow calculations described in
Appendix B, 1 < LC < L + 1.

LINk Control number used in subroutines STRAIN and
PDATA.

LNLNK Counter for the maximum number of subincrements
L occuring in a layer, supplying entrees for
the array LMAT (MN,K).

LOADS Control number governing mode of loading (input
data, card 5).

LPRESS§ Last time step at which pressure is nonconstant
(input data, card 5).

M m Mesh number in the nO direction, I < M < Mt.

Ml Maximum value of M at which strains and stresses
are calculated, a function of the edge conditions
along boundary 3:

Ml . MS, symmetry edge

MM, clamped or hinged edge.

MASHS Number controlling mesh proportion of conical
shell (input data, card 14).
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AIKXC Final time stop (input data, card 3).

MBI Maximum value of N at which the displacement
increments are not modified by clamped edge

conditions along boundary 3:

Ml- t. clamped edge

(MS. symmetry or hinged edge.

MD Dumy argument replacing M.

NLUAMPI Time step tit which damping operations begin
(input data, card 5).

t'SHI Number of mesh intervals in the n direction
(input data, card 2).

MFj Maximum value of N for points receiving uniform
initial velocity VR (input data, card IS).

M115 Minimum value of N for points receiving uniform
initial velocity VR (input data, Card 15).

144 Total number of mesh points in the q I direction.

MQl, MQ2 Values of 1 at mesh points bracketing the location

at which the displacement Ui is determined, see
subroutine STRAIN.

MR MR. - 4-2.

14RITE Time stops at which restart data is collected
by subroutine WRTAPE.

NS MS U 4-1.

N n Mesh number in the n2 direction, I < N < NN.

NI Maximum value of N at which strains and stresses
are calculated, a function of the edge conditions
along boundary 2:

NS, symmetry edge

{NN, clamped or hinged edge

N3D% Number of time steps at which 3D plots are
drawn (input data, card 11.).
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Ni~l 4Minim=u value of N at which the displacement
increments are not modified by riamped edge
conditions along ioo,,ndary 4:

2, hinge w.1ge
Nil a 3, clamped edge.

NB2 Maximum value of N at which the displacement
increments are not modified by clamped edge
conditions along boundary 2:I NR. clamped edge

NBUR
NS, symmetry or hinged edge

NCONTS Initial time step (input data, card 3).

NCYC NCYC a NCYCLE - 1.

NCYCLE Time step.

NU Dumy argument replacing N.

NDELP Number of time steps between surface strain
prints, replaces NPRINT in program.

NF1 Maximum value of N for points receiving uniform
initial velocity VR (input data, card 15).

NI Minimum value of N for points receiving uniform
initial velocity VR (input data, card 15).

NLP Counter indexing the array JCYNLP(J).

NLPRINI Number of times the array LMAT(M,N,K) is
printed (input data, card 10).

NIE•SHj Number of mesh intervals in the q direction
(input data, card 2).

NN Total number of mesh points in the n" direction.

NN3D Counter indexing the array NC3DP(J).

NNN Counter indexing the array NCY~i(J).

NP4FT Plotting tape unit number.

Nil,.\Tl Input on card 8 as the number of time steps
between surface strain prints, replaced by NDELP
in program. In program NPRINT gives the timL
step, at which surface strains are printed.

13F



NQlNQ.2 Values of N at mesh poi:.ts bracketing the

location at which the displacement Ui is
determined, see MQl, MQ2.

Nk NR a NN-2

NRITL. Number of time steps between collection of
restart data (input data, card 3).

NS NS a NN-l.

NSI'a J Total number of stress sublayers in each layer - a
plasticity modelling control (input data, card 6).

NSIRNJ Total number of locations at which surface strain
are computed (input data, card 12).

NUMO4YS Number of time steps at which JCHK(J) controlled
data and energy-work data are printed (input
data, card 9).

Number of mesh points receiving initial velocities
V different from uniform initial velocity VR
(input data, card 15).

C.. Integer Arrays

Print control (input data, card 8).

,JCYNLP&'); Tiiie steps at which array !.MAT(M,N,K) is printed
(input data, card 10).

LMAT(M,NK) L(",,n) Matrix of maximum stress subincrements for the
Kth layer, see description of L and LMNK, and
Appendix B.

Mii(. 1412(1) Values of M al mesh points bracketing the Ith
surface strain location, MII(I) < PM(I) < M12(I)

- il(1) + 1.

NC3t)P(T)~ Time steps at which 3D plots are obtained (input
data, card 11).

NCYCH(Jo) Time steps at which ,TCHKQ,() controlled data aa~d
energy-work data arc printed (input data, card
9).

NETAG(IPr Control selecting surface on whiJh Ith surface
strain location is situated (input data, card 13).

, \l.'j Values of N at mvsh pj'linrs bracke•,.rg the Ith
surface straiu locati•i, NIl(I) • PN(l) < N12(1)

NI 'I) + 1.



C.3 Real Variables

All J
A12 Ac8 aa Covariant components of middle surface metric.
A22

AA A Coefficient of quadratic equation for AA.

ALFN Alphanumeric print indicating surface on which
strain are determined.

ANGEL 8 ANGLB(I) or ANGLE(I) in radians.

A1412 1 ARao ao Contravariant components of middle surface metric.
AR22

AVGRAD Cylinder radius or average cone radius, zero for
flat plate.

B -2B Coefficient of quadratic equation for AA.

Bll1
B12 Bao ba Covariant components of middle surface 2nd
B22 ( fundamental tensor.

BMl )
BM12 R- Mixed components of 2nd fundamental tensor.

BM212BM22•

BT by Trace of 2nd fundamental tensor.

C c Sound speed, c =V-(1--7)

Cl Program constant used in equations of motion,
Cl = C2/(4 + C2).

CIOLD Old value of Cl in subroutine DESTEP.

C2 2DAt/ro Program constant used in damping work calculations.

CA AnI 1An2  Program constant used in kinetic energy and
work calculations.

CB AnlAn2A;/E Program constant used in elastic energy
calculations.

CINEP T* Kinetic energy removed by previous KEA operation.
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CINER T Kinetic energy at time t -1/2 At.

CINES T+, T+ Kinetic energy at time t + 1/2 At or at time
c + 3/2 At in subroutines DAMP and DESTEP.

CINESI T Previous value of CINER in subroutines DAMP and

DESTEP.

C7NET T Kinetic energy at current time t.

CM,CN Weighing factor accounting for reduced areas at
boundarys in summing for the kinetic energy and
work.

cSll1
CS112
CS122 Christoffel symbols for the middle surface.
CS211 ay
CS212
CS222

CSM2 Normal components of FNTai.CSM2J Cs:

D B2-AC Discriminant of quadratic equation for AX.

Dl Components of the displacement of the middle
D2 Di Ui' surface particle with material coordinate
D3 ETADI, ETAD2.

DA a Determinant of the surface metric a

DAll One half the incremental change in a., during
DA12 1/2 Aa the time interval from t - At to t.
DA22)

DAMPF§ D Viscous damping coefficient (input data, card 5).

DBllf Incremental change in b during the time

DELB AtB Critical bending time increment for stability.

DELGAM At2/r Program constant used to calculate TEMP(MN).

DELIN At Temporary storage of input DELTAT .

DELM AtM Critical membrane tinitý incremont for stability.
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DELMIN Minimum of DELB and DELM rounded off.

2
DELR (At*\ Factor used in computing Aui and T in subroutine

at-t DESTEP, see (2.53 and 2.54).

DELS 1t;- 2r+DAt Factor used in computing Au1 and T in subroutinekA t 2 r.DAto DESTEP, see (2.53 and 2.54).

DELSQ At2  DELSQ a DELTAT**2.

DELTA 6 Time constant used in s4"broutine STRAIN.

DELTAT§ At Time increment (calculated by program or input
on card 3).

DEPSiIl

DEPS12 a Mixed components of the strain increment AceDEPS 21 DEPSct A
DEPS22

DETAl Increments in the nI and n2 material coordinates,
DETA2 Ana respectively.

DETAN G (1 - •2) Factor used in calculating DELB, see (2.3).

DEFACTS Factor for terminating damping operations (input
data, card S).

DG g Determinant of gaB
DN An Normal component of increment in n'.

DNLlj An Tangential components of increment in n'.
DNL2!

DNRI Ana Contravariant form of An, aoove; An = a AnDNR2• n

['SGllLi EdDSG12L Ea. Subincrements into which Laa below is divided.

DSG21L Ac8/L
DSG22L

DSIG12 EA Mixed components of elastic stress increment.DSIG11 SG o
DSIG21
USIG22

DSQOLD at" Old values of DELSQ in subroutine DESTEP.
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DUSN Corrections applied to the normal components of
DUSNI ALI
DUSNd n AU along clamped edges and at clamped corners,

respectively.

DW n Au Normal component of Au

DX4 I/(Anl) 4  Factors used in calculating DELB,see (2.3)

DY4 1/(An2)4ý

Ei E Young's modulus (input data, card 6).

EN AW(t-I At) Work increment in the time interval t-At to t.

ENR AW(t-At) Value of ENS at the time t - A-

ENS Proportional to work increment in the timeAniAnz interval t-1/2 At to t+1/2 At.

EPSDOT Deviator strain rate used in strain rate
dependence law.

EPSR1 el Intermediate components of strain used inEPSR2 e2 calculating surface strains.
GRAW"R 2Y7
ETAI Material coordinates nl1 and n 2 of middle

ETA2J l surface particles.
ETAD1§ý a Material coordinates of the point at whihL
ETAD2§ the displacements Ui are calculated (input

data, card 12).

F11
F12 Proportional to bending resultant FMa8 (M,N).
F22 . al

FLAYER (!)2 Factor used in calculating DELB.

FLOATL I/L Fraction of stress subincrement.
FNTIl
FNT1 2
FNT13 N Proportional to stress resultant FNai (M,N).FNT21

FNT22•

FNT23

FNU§ V Poisson's ratio (input data, card b).
G E Shear Modulus.

2(l+v)
143



Gil Used in subroutine STRESS for the metric g
Gl22 gao Goo of the lamella C distance from the middle surface

and in subroutint STRAIN for the initial metric

G a on the bounding surface.

GANMAR See EPSR1 above.

GAMZ ro p ph Mass per initial middle surface area.

GR I/ /G1 1 G2 2  Time constant computed from G,,

GRII
GgE1 Inverse of metric g,.

GR22

GTlO Twice the shear modulus G.
THICKN

H 1/2 h Half the shell thickness, H = 2

LENGTH§ Length of plate, cylinder, or cone '(input data,
card 14).

PHIT Yield function.

P1 The mathematical constant r.

PLAST W Plastic work.

PM1 PM1 = MI1(I)
PM2 PM2 = M12(I) Conversion from integer to i
PNi PNI = NIl(I) fioating point form.
PN2 PN2 = N12(I)

PRAT E Material constant.

Qll
Q12 Proportional to membrane components of stress
Q22 resultant.

QM H Mesh numbers corresponding to material coordinates
QNi m,n ETAD1 and ETAD2.

QMl,QM2t Interpolation coefficient used to compute the

QNI,QN2I displacement components Di.

RA 1/a RA =D1

RADII Small radius of conical shell (input data, card 14).

PADIUSS Initial radius of cylindrical shell (input data,
card 14).
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RADF§ Large radius of conical shell (input data, card 14).

RDII i/(An1 ) 2 ( Program constants used in computing second order
RD12 1/4UlA12  finite difference derivatives, see Appendix A.
RD22 l/(An 2) 2

RG 1/g RG-

RHC§ P Initial mass density (input data, card 6).

RNI Cartesian components of unit normal SNi (M,N) at
RN21 n- the previous time t - At.S RN3

RRP. 1/a ½ RRA = 1
SRA*

"RSUM Factor used in rounding off DELMIN.

RTDI l/2An1  Program constants used in computing first order
RTD2 l/2Urn2  finite difference derivatives, see Appendix A.

SA,SB c,8 Constants for computing surface strain in 8
direction.

SIGll Il :

SIG12 ( a Mixed components of stress at time t.
SIG21 aI 8
SIG22 I

SIG11D| .,
SIG12DISI • Da Mixed components of plastic flow corrector stress.

SIG21D
SIG22D•

SIGIII SG(i

SIG12I, a Mixed components of stress at time t - At.
SIG21I S.I 08
SIG221I

SIGlIL
SIG12L Ta Mixed components of trial stress.
SIG21L SIGaOL a8
SIG22LI

SIGYSQ 002 Square of yield stress or square of yield stress
magnified by rate sensitivity factor.

SIGZ§ Uniaxial yield stress (input data, card 6).!0
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SNN n n Scalar product of normals at times t and t - At.

SRA a ½ SRA = SQRT (DA).

SRDEL 1/ /1- Time constant used in subroutine STRAIN.

SRG g9 SRG = SQRT (DG).

SS11 Weighted sum of the mixed components of sublayer
SS12( stress for given layer, giving the layer stress.
SS21 SSa8 8
SS22

STREN V Elastic strain energy.

SuM Factor used in rounding off DELMIN.

SU• • •-- Sum of components of layer stress SSlMN(k). etc.
SUMAI2 a over all layers.
SUMA22 k

SUMBII, a Sum of first moment of components of layer stress
SUMB12ý k SSlMN(k), etc. over all layers.
SUMB22|

SUMCIlI EoOr2 Sum of second moments of components of layer
SUMCI2 k stress SSINI(k), etc. over all layers.
SUMC22

T2 8Factor used in calculating DELB, see (2.3).

THICKN
TA Layer thickness, TA = ZAYER

TAMBDA AX Factor measuring amount of plastic flow.

TB a1A; Program constant used in calculating resultants.

TDANP WD Damping work.

THETAý Angle subtended by cylindrical and conical panels
(input data, card 14).

THICKN§ h Thickness of shell (input data, card 6).

TIME t Current time, TIME f NCYCLE*DELTAT.

TNRu W Total external work (due to pressure).

,.FR. 1/(2A )An TRD 2*RD12.
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Ull
U12
U13 i First finite difference derivatives of the
U21 Uai ua displacement increment Ui (MN) with respect to
U22 material coordinates ETAc.
U23

Ulli
Ull2
U113
U121 1 Second finite difference derivatives of the
U122 ua displacement increment Ui (M,N) with respect
U123 to material coordinates ETAc.
U221
U222
U223

UIR| Components of displactiaent increment during the
U2R' Au1  time interval [t - At, t].
U3R

UISS Co;ps, .nts of displacement increment during the
U2SS Au time interval [t, t + At].
U3S

V§ v Initial velocity at mesh points not receiving
uniform initial velocity VR (input data, card 16).

VFI For&c. due to the pressure P (M,N) in the equations
VFl -P*n of motion.

VF3;

VMlj • 2 (Mani•) Foi...e due ',- bending resultants FMOB(M,N) in the
M21 •equations of motion.

VNI it Force due to s 7s resultants FNci(M,N) in the
VN21 3- equations of in.VN3ý Drj

VR§ v Uniform initial velocity (input data, card 15).

WIDTH§ Half width of plate (input data, card 12).

Yll
Y12
Y13 Yii y First finite difference derivatives of the position
Y21 vector Yi (M,N) with respect to material coordinate
Y22 ETAa, forming local basis for middle surface.
Y23
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ylll
Y112
Y113
Y121 i Second finite difference derivatives of the
Y122 0i ' position vector Yi (M,N) with respect to
Y123 material coordinates ETAc.
Y221
Y222
Y223

YLDFAC§ Parameter governing the "thickness" of stress
ellipsoidal annuli, see Appendix 8 (input data,
card 2).

YRll
YR12
YR13 010~ iYR2R YRai a Y, Dual or reciprocal basis to the basis Yii.
YR22
YR23

ZAYER K Floating point representation of LAYER.

ZETAK 4 ZETAK * 2 * ZETAWK).

-4
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C.4 Real Arrays

Alll(I)
A121(I) AO6l(I) Initial %a at mesh point (MII(I),NII(I)).
A221(I))

A112(I))
A122(I) Aa82(I) Initial aao at mesh point (MII(K), N12(I)).
A222(1)1

AlI3(I)
A123(I) AmO3(I) Initial a at mesh point (MI12(I),NI1(I)).
A223(I)

Al14(I)
A124(I)? AQ64(I) Initial at mesh point (MI2(I),N(2(I)).
A224(I) i

ANGLB(I)lt 6 Angle specifying direction of surface strains
ANGLE(I)if E at location I (input data, card 13).

e

ASA(I),ASB(I) 2a 2  Constant for computing surface strain in 9 direction.

81in(I))
8121(I) BaoI(I) Initial bma at mesh point (MII(I), NIl (I)).
B221(1)1

B112(I))
8122(I)? Boo2(I) Initial ba8 at mesh point (MI1(I), N12(I)).
B222(I))

B113(I)
B123(I) B003(I) Initial boo at mesh point (M12(I),NIl(I)).
B223(I))

, l 14(I)'
B124(I) B0a4(I) Initial baB at meslh point (M12(I),NI2(I)).
B224(I))

BSA(I), BSB(I) 202 Constant for computing surface strain in 6 direction.

CSA(I), CSB(I) 208 Constant for computing surface strain in 0 direction.

[AT(J) Array storing energy, displacement and strain
plotting data each time step.

DEPSI(K) Aell Elongational components in thee 1 and 2 directions
DEPS2(K) Ac22 and shear component of strain increment in the Kth
DGAMMA(K) Ae12i layer.
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DMI(I), DM2(I) Interpolation coefficient used to comapute components
DNI(I), DN2(I)ý of surface strain at location I.

DSR(J)§ d Constant in strain rate dependence law (input data,
card 7).

EPSANB(I) E Elongational surface strains in the a directions at
EPSANG(I)f B location 1.

EPSLl(M,N) ell Elongational components in the ti and r directions
EPSL2(M,N) E221 and shear component of strain on the negative
GANMAL(MN) £12 bounding surface at mesh point (MN).

EPSSI(I) El Elongational surface strains in the nI and n
EPSS2(I) E2 f directions at location I.

2I
EPSUl(MN) ell Elongational components in the n and n directions
EPSU2(M,N) c 22 and shear component of strain on the positive
GAMMAU(M,N) ;12) bounding surface at mesh point (MIN).

ETAGl(I)§ Material coordinates of the Ith surface strain
ETAG2(1)il location ('.nput data, card 13).

FM11(M,N) Components of the bending rpsultant tensor at
FM22(M,N) F•a(M,N) W6 the mesh point (M,N).FM22(MN))

FNI1(M,N)
FNI3(M,N) FN~,N) N) Ni• Components of the stress resultant tensor at the
FN21(MN) mesh point (MN).
FN22(M,N)
FN23(M,N)

GAMMAL(MN) See EPSLI(MN) above.

GAMMAU(MN) See EPSUl(M,N) above.

GIlI(I) 1/Gl______ = Time constants computed from the initial surface
GI22(I) 2/ -G22 metric G0 at strain location I.G122(I) I/G22

P(M,N) P, P* The pressure or augmented pressure at mesh point
(M,N).

PM(I) mn Mesh numbers corresponding to material coordinates
PN(I)f ETAGlCI) and ETAG2(I).

PSR(J) p; Constant in strain rate dependent law (input data,
card 7).
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SE(•J) Slopes of Jth segments of polygonal approximation
to strain hardening stress-strain curve.

SEPS(JPI Strains at corners of polygonal approximation to
strain hardening stress-strain curve (input data.
card 7).

SIGI(MN,KJ) a11' Normal and tangential components of stress in the
SIG2 (1NKJ) a 1 2

S) 12 n and n directions at mesh point (M,N), layer K,
TAU(M,N,KJ) a sublayer J.

SIGZSQ(J) 02 Square of yield stress at Jth sublayer.
0

SNI(M N)) Cartesian components of unit normal to middle
SN2(M:N) ni surface at mesh point (M,N).
SN3 (MN)I

SSIt4(K) a 22 Normal and tangential components of stress in
SS2MN(K) a '12 layer K, obtained from the mixed component form
STMN(K) a SSa8 by raising index.

SSIG(J)§ a. Stresses at corners of polygonal approximation
to strain hardening stress-strain curve (input
data, ,,card 7).

STMN(K) See SSIMN(K) above.

TAU(MN,KJ) See SIGI(M,N,KJ) above.

TEMP(MN) At 2/(a hr 1Value of time constant at mesh point (M,N).

UI(MN) i Cartesian components of displacement increment
U2(MN) Au undergone by the mesh point (N,N) in the time
U3(MN) interval At.

WT(J) Weighing factors used in summing the sublayer
stress to obtain layer stress, see SSaO .

Yl(M,N) i Cartesian coordinate of the mesh point (M,N) on
Y2(M,N) y the middle surface.
Y3(M,N)

ZETA(K) Distance along the normal from middle surface to
midpoint of Kth layer.

ZETASQ(K) Square of ZETA(K).
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APkPENDIX 0
REPSIL PLOTTING PROGRAM

This is an independent programb separate from the REPSIL program.
It was written to satisfy the requirement for a visual display of the
output from REPSIL and PETROS structural response programs. This plot-
ting program is useful in quickly interpreting results that in tabular
form would be extremely difficult if not impossible, to understand.

The program makes use of the Cal Comp Standard Plotting Package
SCOOP which is standard software for a large number of computing systems.
If SCOOP is not available it can easily be adapted to any particular
plotting system.

D.l Description of Main Program and Subroutines

The main program reads the plotting date tape and controls the flow
of information. If the variable IFLAG equals one, data is read and
itored in the plotting data arrays. If it equals two, data is read and
the program calls subroutine PLOT3D. When IFLAG equals 99999 the program
ualls subroutine GRAPH.

If the number of cycles arc greater than MAXAR-2 an ERROR PRINT
will occur indicating the need for enlargement of the following data
arrays: TIM(MAXAR), U1(MAXAR), U2(UAXAR), U3(tAXAR). CIN(MAXAR), STC(4AXAR)
TNR(MAXAR), DA4PLT(MAXAR), and EPSSI(N), EPSS2(N), where subscript N
is equal to NSTRN*MAXAR. If memory is available NAXAR and the plotting
data arrays can easily be enlarged.

Subroutine PLOT3D reads one control card and plots a cross-section,
profile and isometric view of the middle surface of the shell. The
coordinate data points Yl (MN), Y2 (M,N) and Y3 (M,N) are mapped into
XP, YP for each M and N to form the isometric view of the surface. Every
line lying on the surface is plotted, not just those which are visible
(cf. Figure 5.8).

The surface is plotted by connecting successive (M,N) mash points

with straight-line segments for each M over all N on the mesh and, in
turn, connecting successive (N,N) mesh points for each N over all M.

Input parameters on the control card allow considerable flexibility
in plotting the three views. The deflection can be magnified in order
to bring oLt the details of the deformation pattern. The scale to which
the plots are drawn can be adjusted in two ways. First, the scaling
factor SF is found avtomatically, all three dimensions are scaled
independently in order to fit the surface into a cube. Then the maximum
scale of the three dimensions is selected as the desired scaling. If
the maximum is less than one, SF is set to one. Second, the user specifies
the scaling factor SF on the input control card.
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It is recommended that the first way be used with a cube size,
SOFC, of 3.5 inches for every new surface to automatically find SF.
See Figures 5.3 and 5.8 for examples of the plotted output.

Subroutine GRAPH produces two graphs. First, time vs displacements
Ul, U2, U3 at the coordinate point (ETADI, ETAD2), see Figure 5.5 and
5.10. The second graph is energy balance information (time vs kinetic
energy, strain energy, total energy and total damping work) which is
useful for detection of numerical instabilities and as an indication
of when the solution may be terminated, see Figures 5.4 and 5.9.

Subroutine STRGRA produces NSTRN graphs of time vs alongational

strain in the n and n 2 directions at the coordinate point (ETAG1,
ETAG2) on the inner or outer surface of the shell. The results can be
compared with experimental measurements recorded by strain gauge mounted
on the surface, see Figures 5.6 and S.11. See REPSIL input, Section
3.2 for the description of NSTRN.

Subroutine SEDSHL will plot a dashline instead of a solid line.

Subroutine MAXMIN finds the maximum and minimum point for two
or more arrays of data on the Y-axis for a given plot.

D.2 Input Plotting Control Card

Variables Format

DEFLM, SOFC, SF, NPT 3EI0.4, IS

UEFLM Deflection magnification factor.

SOFC Cube size, automatically finds scale factor SF.

SF -O, Scaling factor SF is found automatically.
>0, Desired scale factor.

Example: Scale 1/2, punch a real number 2 in columns 21
to 30.

Scale 1/10, punch a real number 10 in columns
21 to 30.

2
NPT Mesh point location in the n direction at which a cross-

section is desired.

Following are some examples of the plotting control card.

Example 1
DEFLM - 1.0, SOFC a 3.S, SF = 0.0, NPT a 13

Example 2

DE!].N = 3.0, SOFC = 0.0, SF = 2.0, NPT 33
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Example 3

DFFLM = 100.0, SOFC = 0.0, SF = 10.0, NPT = 10

D.3 Description of Variables

Name Definition

All, A12, A21 Constants used in the mapping fuxuctions XM, YM to
A22, A23 rotate and transform [YI, Y2, Y3] into [XP, YP]

CIN(SOO) The array of numbers, corresponding to kinetic
energy used in the energy balance plot.

DAMPLT(1500) The array of numbers, corresponding to total

damping work used in the energy balance plot.

DAT(20) Array used in the plotting data tape input list.

EPSSl(9000) The array of numbers, corresponding to the
1

strains in n direction.

EPSS2(9000) The array of numbers, corresponding to the strains

in the n2 direction.

ETADI, ETAD2 See Section 3.2 and Appendix C.

ETAGI(6), ETAG2(6) See Section 3.2 and Appendix C.

HEADI(4) First line of the title that appears on the first
isometric plot.

HEAD2(3) Second line of the title that appears on the first i
isometric plot.

HEAD3(2) Title that appears on every isometric plot.
1

II Number of mesh points in the n direction.

12 Number of mesh points in the n' direction.

IBCE3 Boundary condition value.

IBUP(1000) Array used by the Cal Comp basic software package

IPEN Control for pen during movement.
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IFLAG A flag. When it equals 1, the program will read

data for the time wise plots. When it equals 2,
the program will read data for the cross-section,
profile and isometric views. When it equals
99999, the program will plot the time wise plots.

Ml Same as Il.

MAXAR Size of plotting data arrays.

MAXA MAXA = MAXAR- 2

NCYCL The number of time steps for each curve on the
time wise plots.

NCYCLE Time cycle counter.

NETAG(6) Zero or one, corresponding to inner or outer
surface used in the title of the strain plots.

NPLOT Magnetic tape input unit number.

NSTRN Number of strain plots.

PA(4) Array that stores the dash line pattern.

PM(6), PN(6) The arrays which stores the mesh location (M,N)
that appear in the title on the strain plots.

QM, QN Mesh location (M,N) that appear in the title on
the vector displacement plot.

SF Scale factor.

SOFC Size of cube.

STC(1500) The array of numbers corresponding to strain
energy used in the energy balance plot.

TEl, TE 2 , TE3  XYZ Values used in the mapping functions.

TI TI = TIME x 1.0 x 106

TIM (1500) The array of numbers corresponding to time used
in the time wise plots.

TIME Current values of time.

TNR (l500) The array of numbers corresponding to total energy
used in the energy plot.
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U1 (lSO0)) fhe arrays of numbers cirresponding to the vector
U (1500) displacement Ul, U2, U3.
U~(1S00)1

X(25, 35)) The arrays of numbers corresponding to tie initial
Y(25, 15) shape, YI(M,N), Y2(M,N), Y3(M,N).
Z(25, 35)1

Xl(90) The array of XP values for plotting the cross-
section anu profile views.

X2(90) The array of YP values for plotting the ci is-
iection and profile views.

XBAR, YBAR Board coiordinate point on the plotting piper in
inches, measured from the lower left coriier of the
page.

XL Length of X-axis in inches.

XM (Al, A2) X-axis mapping function used in isometric view.

XMAX Maximum X-coordinate.

XMIN Minimum X-coordinate.

XPYP X,Y coordinates on the plotting surface.

XPAGE Plotting page le~ngth.

Yl(25,35),Y2(25,35), See Appendix C.
Y3(25,35)

YM(Al,A2,A3) Y-axis mapping function used i n isometric view.

YMAX, YMIN Maximum and Minimum Y-coordinate.

YP See XP.

ZMAX, ZMIN Maximum ana Minimu-, Z-cooidinate.

D.4 FOPTRAN Listing of Plotting Program

A complete FORTRAN listing is given in the following order.

1. MAIN Program
2. PLOT 3D
3. GRAPH
4. STRGRA
5. MAXMIN
6. SCDSHL
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C REPSIL PLOTTING PROGRAM4 (CALCOMP SOFTWARE PACKAGE SCOOP) MAIN t
COMMON ETAGI(6)PETAG2(6).PMI6J.PN(6),NETAGf6).NSTRN.MlAXAR MAIN 2
COMMON Y1125,35),Y2125,35).Y3125.35) ,EI25,35),Y(25,15 ).Z(25,35) MAIN 3
COM4MON DAT(20ONCYCLE.TIMEIBCE3tETAD1,ETADZQM.NO~NCYCL MAIN 4
COMMON TIMI15O01kUl(15OO).UZII5OO),U3IISO01hCINfý5OOISTC(I5OO). MAIN S
ITNR(1500).DAMPLTI15OO),EPSI(90001,EPS52190001 M4AIN 6

C MAIN ?
NCVCLwO MAIN a
NPLOT-3 MAIN 9
REWIND NPLOT "AIN 10
MAXAR=ISOD M4AIN 11
MAXAzMAXAR-2 MAIN 12

C "AIN 13
REAO(NPLOT) ISCE3oETAOI.ETAD2wQM*QN@NSrRN MAIN 14
READINPLOT) IETAGI.I),ETAG2fiI.PMfl),PN(I).P4ETAG(I).I.1,NSTRNI MAIN 15
READINPIOTI NCYCLETIMEMIeNluIIY1IMN),Y21MN),V3(M2N).Nal.MlI. MAIN 16
IN*lNI) MAIN I?
I I-Z*NSTRN.8 MAIN IS

C SAVE INITIAL SHAPE NEEDED FOR DEFLECTION MAGNIFICATION IN PLOT3O) MAIN 19
DO 5 M-1.MJ MAIN 20
0O 5 N=I9N1 MAIM 21
XlMtNlmyIIM,N) MAIM 22
YfMNlzYZIMNJ MAIN 23
l(MtN)sY3tM9NI MAIN 24

5 CONTINUE M4AIN 25
CALL PLOT3DIMItNI) MAIN 26

C M4AIN 2?
10 REAO(NPLOT) IFLAG M4AIM 28

1Ff IFLAG eEQ. 999q99GOT0 30 MAIN 29
GOTO( 20 25),ifFLAG MAIN 30

C MAIN 31
20 READ (NPLOT) NCYCLE#IDATII)tIl.IIl) MAIN 32

NCYCL-NCYr.L+I MAIN 33
TIM(NCYCLI*DATI 1) MAIN 34
ULINCYCL)-DAT12) MAIN 35
U24NCYCL)*DAT43) MAIN 36
U3(NCYCL )wDAT(4) MAIN 37
CIN INCYCL~sOAT(S) MAIN 36

STC INCYCLJuVAT16) MAIN 39

DAMPLTtNCYCLI*DATIO) MAIN 41
00 22 1*99v1I2 MAIN 42
J*NCYCL*MAXAR*I 1-93 /2 MAIN 43
EPSS14JI-DATII) MAIN 44
EPSS21JI-DAT( 1.1) MAIN 45

22 CONTINUE MAIN 46
IFINCYCL .G~o MAXA)GOTO 28 MAIN 4?
GOTO 10 MAIN 48

c MAIN 49
25 READINPIOT) NCVCLE.TZMEM1.NIIIYl(M.NIY2IMM,),Y3(M.NIM.1,M1), MAIN 5O

1NUIVNI) MAIN St
CALL PLOT304MIoNl) MAIN 52
GOrO 10 MAIN 53

C MAIN 54
28 WRITE(6,1001 NCYCL MAIN 55
30 CALL GRAPH MAIN 56

CALL EXIT M4AIN 57
C MAIN 56

100 FORMATII5HIERROR NCYCL PI5,2914 ENLARGE PLOTTING DATA ARRAYS) MAIN 59
END MAIN 60



SUBROUTINE PLOT30 (11,12) 1
DIMENSION IBUF(IOOO),E1190).E2(90),HEADI(4),HEA02(31,NEAD3(2) PLOT 2
COMMONIUSE MAIN) PLOT 3
COMMON /PLOTD/ YNPtXDIST@PA(4) PLOT 4
DATA 1/0OAll/.70710?/#A12/*707107/tA21,/-.4O824B/tA22/*408248/, PLOT 5

1A23/ .816A97/ PLOT 6
DATA INEADI(IK),lKal,4)/IOHCROSS SECT910HION OEFLEC91ONTION AT N ,PLOT 7

1291s. / PLOT 8
DATA (HEADZIIK),IKa1,3)/IOHOEFLECTION,1OH MAGNIFIED91H /PLOT 9
DATA E4HEAD34IK)*IKO1921/1ON MICROSECO93HNDS/ PLOT 10
DATA (PA(J)qJmI,4)/.1,.1,.1,. 1/ PLOT It

C PLOT 12
XM( Al9A2)uSF*(A11*A1.Al2SA2) PLOT 13
YMIA1.A2,A3).SF*(A21SA14A22*A2.A23*A3) PLOT 14

C PLOT 15
IFIl.EQ*OIG0T0 10 PLOT 16
181+1 PLOT 17
XBARNa-4.25 PLOT 18
YBARuIO.O PLOT 19
YNPwYNP +1O.O PLOT 20
IFfI.LE*3)GOT0 30 PLOT 21
CALL PLOT (XDIST*-YNPo-31 PLOT 22
GOTO 20 PLOT 23

10 XPAGEa200.O PLOT 24
READ (Sell) VEFLMvSOFCSF~t,12 PLOT 25
XDISTa6. 75 PLOT 26

11 FORMAT I3E l0.49 15 PLOT 27
C--------------------------- SCALE FACTOR FOR 3D PLOT-------------------- PLOT 28

XMAXSX( 2.1) PLOT 29
XM1NuEE 2.1) PLOT 30
YMAXnY(Z, 1) PLOT 31,
YMINmY( 2,1) PLOT 32
IMAXuZ 12,1) PLOT 33
ZMINmZ( 2I1) PLOT 34
00 12 Mu2vI1 PLOT 35
00 12 Nal[ PLOT 36
XMAX-AMAXI(X1RN)*XMAX) PLOT 37
XMIN*AM INIX(Mo N.M )MIN) PLOT 38
YMAX-AMAXI(Y(MNN )YMAX) PLOT 39
'VMINmAMIN1(Y(M9N ),YMIN) PLOT 40
ZHAX=AMAKIIZ (MvN ).ZMAX) PLOT 41
ZMINuAMINIQL(MN)#ZMIN1 PLOT 42

12 CONTINUE PLOT 43
IFISF NME* O.OIGOTO 13 PLOT 44
XSn(XMAX-XMINI/SOFC PLOT 45
YSu(YRAX-YMINI/SOFC PLOT 46
ZS=IZMAX-IMIN)/SOFC PLOT 47
$F*AMAXIIXS*VS*ZSI PLOT 48
SF.AINTI SF) PLOT 49

IF(SF .LT. 1.0) SFuI.O PLOT 50

CALL SYMBOL 11.O,1*O,.19HEAOI,090*32) PLOT 52
CALNUMBER f999.v999ov,1,N129O*Ov2HI4I)PLTS

CALL SYMBOL 41.O.O.89o.1,HEAD2,O.O,21) PLOT 54
CALL NUMBER 4999.,9999.9.1,DEFLN,O.Oo1) PLOT 55
CALL SYMBOL (1.OvO*69.19SHSCALE 1/90-0,81 PLOT 56
CALL NUMBER (999.,999.v.1,SFvO.Ov-1) PLOT 57
SFal.O/SF PLOT 58

C-------------------------------------------------------------- --------.PLOT 59
20 YBARm4.3 PLOT 60
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XBARNaI.3 PLOT 61
YNPwYSAR PLOT 62
"1. PLOT 63

30 XBAtPeXK4RN PLOT 64
C ------ ---------- MIDSECTION DEFLECTION PLOT 65

CALL PLOT IXBAR*YBAR,-31 PLOT 66
CALL PLOT (O.O-1.O$3 PLOT 6?
CALL PLOT (00,10,o2) PLOT 68
CALL PLOT IO.OeO.O%31 PLOT 69
CALL PLOT (1*0g0,0#2) PLOT 70
KnO PLOT 71
00 90 M"2,l | PLOT 72
KeK* 1 PLOT 73
XI(K)=SF*X(MoNI2) PLOT 74
X2K)mSFeZtMNI2) PLOT 75

90 CONTINUE PLOT 76
X1IK(.11O.O PLOT 77
X1IK+2)-t.0 PLOT 7?
X2(K*I)uO.O PLOT 79
X21K*21a1.O PLOT 80
CALL SCOSi*_ Xl9X2,K,19PA,41 PLOT 81
CALL LINE (XiX2K '1,-i,2) PLOT 82
K-O PLOT 83
DO 95 N-2911 PLOT 84
KsK÷l PLOT 65
XIIK)-SF*tXlMNI2)4DEFLMN*YI1N(NI2|-XINNI21)I PLOT 06
XZ7(K)-SF*(ZINNI2?*DEFLM*IY3INNI2 -ZINeNI2)II PLOT 67

95 CONTINUE PLOT 68
CALL LINE (XLtX2*Ktltv4) PLOT 89
-------------------------------------------------------------- -- PLOT 90
XB-2.25 PLOT 91
Ya"-2.0 PLOT 92
CALL SYMBOL IXBYB,.ol6HCYCLE .0O.,6| PLOT 93
CALL NUMBER 1999,,999*,.loNCYCLEO.*Ov2HIS PLOT 94
YBsYB-0.2 PLOT 95
TIwTIME*1.OOE 06 PLOT 96
CALL NUMBER (XBYB9-.1TI.OeO*3) PLOT 97
CALL SYMBOL (999.,999.,.1vHEAD3oO.*Ov3) PLOT 98

C- -------------------CENTER LINE DEFLECTION PROFILE ----------------- PLOT 99
CALL PLOT (O.O,3.O,-31 PLOT 100
XB*SF*YI 2,12) PLOT 101
YBO.O PLOT 102
CALL PLOT (XBYBt2) PLOT 103
XB"O.O PLOT 104
YBa-SFOZ 12,91 PLOT 105
CALL PLOT (XBYB]3) PLOT 106
YB.SF*Z,(29 11 PLOT 107
CALL PLOT (XBOYB,2) PLOT 108

C PLOT 109
L-2 PLOT 110
00 85 J"1,2 PLOT I11
KwO PLOT 112
00 82 N10,I2 PLOT 113
KuK*1 PLOT 114
X1IKIsSF*Y(LgN) PLOT 115
X21K)uSF*Z(LtN) PLOT 116

82 CONTINUE PLOT 117
X IIK*l)-O.O PLOT 116
XIIK+2)-I.O PLOT 119
X21K+1)0O.O 160 PLOT 120



XZK*K2)al.O PLOT 121
"CALL SCOSIL lXlX2,K1ttPA941 PLOT 122
CALL LINE IXLEZ.Kq1t-Iv2) PLOT 123
K-0 PLOT 123
00 83 N=1,2 PLOT 125
K-K.1 PLOT 126
XI(K)wSF*IY(L.N)÷DEFLM*IY2ILN)-Y(LN|)) PLOT 127
X2IKI-SF*(ZILN).DEFLt*IY3LN)L-ZILN) I PLOT 128

83 CONTINUE PLOT 129
CALL LINE IXIX29Kl•lt4) PLOT 130
IFIIBCE3 .NEs MIGOTO 66 PLOT 131
Lail PLOT 132

85 CONTINUE PLOT 133
C ---------------------------- DRAW AXIS --------------------------- PLOT 134

86 CALL OLOT 14.25t-3.09-3) PLOT 135
CALL P'LOT 10.0,-1.0,3) PLOT 136
CALL PLOT 10.091.0,2) PLOT 137
CALL PLOT 10.0,0.093) PLOT 138
CALL PLOT I-AI2,-A22,21 PLOT 139
CALL PLOT (O10,00,3) PLOT 140

CALL PLOT tAI1,A21,2A PLOT 141
C ------------------------------------------------- PLOT 142

00 SO M*2I11 PLOT 143
IPEN*3 PLOT 144
DO 40 Nmlq12 PLOT 145
TEI-XIMN).DEFLM*IYIIMN)-XIM*NN) PLOT 146
TE2aY(NMN)+DEFLN*IYZINMN)-YINNI) PLOT 147
TE3Z IMN).DEFLMOIY3(MNI-ZINNII PLOT 148
XPoXNITEITE21 PLOT 149
YP*YMITEI*TE2,TE3) PLOT 150

35 CALL PLOT IXPYPIPEN) PLOT 151
IFIIPEN .LT. 31GOTO 40 PLOT 152
IPEN-2 PLOT 153

GOTO 35 PLOT 154
40 CONTINUE PLOT 155
50 CONTINUE PLOT 156

00 TO N191I2 PLOT 15?
IPEN-3 PLOT 158
00 60 NuZI1 PLOT 159
TE|-XIMN)÷OEFLM*EYIIMN)-XIMNI) PLOT 160
TEZ-YIMN)*OEFLM*ITYIMN)-YIMN)I PLOT 161
TE3aZINNI.DEFLM*IY3INMN)-ZIMN)) PLOT 162
XPuXMITElyTE2) PLOT 163
YP-YN1TEIvTE2,TE3) PLOT 164

45 CALL PLOT (XPYPaIPENI PLOT 165

IFIIPEN *LT. 3)GOTO 60 PLOT 166
IPENs2 PLOT 167
GOTO 45 PLOT 168

60 CONTINUE PLOT 169
70 CONTINUE PLOT 1TO

RETURN PLOT 171

END PLOT 172
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SUBROUTINE GRAPHI
DIMEN'tION SYi~lI4),SYM2I3),ETAI(3)r.ýAiLýA''A1(4),E2(44 GRAF 2
COMMON IUSE MAIN) CRAP 3
C004FION /PLOTDI YNP*XDIST*PA141 GRAF 4
0AIIA(SYM1Ili).i.A,4)i1O1C0NP0NEfT ,ioOHgO VECTOR 91OI4OISPLACEMEo2HNTGRAP 5

CRAP 6
DATAIETA1111,Iu1931/1OH~eAl - .10H4 4H4 1/9 GRAP ?
I ETA21I)9Ia1,3)1O14HETA2 a Ito"4 1 941 )/9 CRAP 6

OATAfSYM2ZII).IfI3)/IOHENERGY BAL.IOHANCE9 POUN98HD-INCHES/ CRAP 9
C CRAP 10

XOIST*8.O GRAP 11
CALL PLOT IXDIST9-YNPv-31 CRAP 12
XIARSO.0 GRAP 13
YNPa2.0 CRAP 14
XL*B.0 GRAP 15
YLS660 CRAP 16
NmNCVCL GRAP I?
CALL SCALE ITIMPXLeNt1) CRAP 16
XNINsTIMIN*1) CRAP 19
XSeTIMIN*2) CRAP 20

C -- - -GRAPH ONE (VECTOR DISPLACEMENT) ------------ CRAP 21
CALL MAXMIN fU1,YMIN9YMAX91,N,1) CRAP 22
CALL MAXHIM fU2,YMIN9YMAX*1,N,2l CRAP 23
CALL AMAIMN (U39YRINsYNAX919N.21 CRAP 24
XII 1*YMIN GRAP 25
X It 2)siYMAX CRAP 26
CALL SCALE IXI.YL92911 CRAP 27
YMINwX41( 3G RAP 26
V Sfa 164) CRAP 29
UIIN.1lwYMIN CRAP 30
U1IN*2)sYS CRAP 31
U24N*Il=YMIN CRAP 32
U21N*21&YS CRAP 33
u3IN*11WYMIN CRAP 34
U31N+21=YS CRAP 39
CALL PLOT lX3ARYNP9-3) CRAP 36
CALL AXIS iO.OOeO.4I4TIME,-4,XL.O.OXMIN.ESI CRAP 37
CALL AXIS IO.OO.OSYMI,32,YL.90O.~YMIlNYSI CRAP 36
CALL LINE ITIMUI.N.1,O.1 CRAP 39
TXmTIlMlN/XS**2 CRAP 40
TYa(U1INI-YMIN)/YS CRAP 41
CALL SYMBOL lTKTY9.1,2HUlO.Os2) CRAP 42
CALL LINE tTIMvU2*NI.0,0) CRAP 43
T~w(U2lNl-YMINl/YS CRAP 44
CALL SYMBOL ITX*TY,.192HU29O.O.21 CRAP 45
CALL LINE ITIMU3*NvltOOl CRAP 46
TYaIU3NIN-YMIN)/YS CRAP 47
CALL SYMBOL (TXtTY**1,ZHU30.0.21 CRAP 46

CALL SYMBOL f2ele-1.O,.19SHLOCATION9O.O.S) CRAP 49
CALL SYMPOL 43*O,-1*1S,.4*1H 90.091) CRAP 5O
CALL SYMBOL IS.39-1.15..491H q0.0,1) CRAP 51
CA&.L SYMBOL 43.l,-0*99*IETAIO.O,24) CRAP 52
CAi. NUMBER (3.B.999.,.1*ETA019090,3) GRAP 53
CALk. 0101ER 44.8099*99,19OMO.O,31 CRAP Ste
CALL SYMBOL 13.I,-l.I.1,*ETA290.09241 CRAP S5
CALL NUMBER 43.B,9"9.,.1,ETADZO.O,31 CRAP 56
CALL NUMBSER 44.98s9*9*,1,ON,.O,31 GRAP 51

C - --- --- ---- GRAPH TWO (ENERGY BALANCE)-------------- ----- -CRAP 58
XBARwO.O CRAP 59
YNP=10.0 GRAF 60
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CALL NAX04IN ICtNqv"INqY"AK,ý*Nq1) CRAP 61
CALL MAXMIN ISTCqVMINqVMAEt#NpaI CRAP 42
CALL N4AXMIN ITNRoYMINtYMAY.1,N,2) CRAP 63
CALL HAAMIN IDAMPLTOYNtINMAX1IN,2) CRAP 64

514I~uNINCRAP 65

EU ZS.YMAX CRAP 66
CALL SCALE IX1,YL92911 CRAP 6?
YVNING41) CRAP 68

INRIN+11SY4I CRAP 74

r Ta 4* zay s CRAP ?3
OANPLIP4*IvVMIN CRAP ?4

OAMPLTIN'?)uVSI CRAP 76

CALL PLOT 4XIARYMP,-31 CRAP 76
CALL AXIS IO.0.O.0.94"TINE.-4,5LO.OXNIN.ESI CRAP ?9
CALL AXIS I eo OeOv S0.SW292,VL 990*0.NIN*YS) CRAP 80
CALL LINE ITIN.CIN.N.1o.oIt CRAP &I
CALL LINE tTIlN,STC.N.I.0ObO CRAP 62
CALL LINE tTIMTNR9N,19O,0) CRAP 63
CALL LINk 4TIN.DAMPLTNI`091010D CRAP 64

C-------------------------- $URFACE STRAIN GRAPHS------------------------ CRAP as
D0 100 tImNSTRN CRAP 66
Jnl*0NAXAROE I-ll CRAP 87
CALL STRGAA ITtP,EPSS1,EPSSR.ETAGI(IthETAG2ZEi)PNEIIPN4II, CRAP IS
INETACI I),JON) CRAP 69

100 CONTINUE CRAP 90
R~ETURN CRAP 91
*No CRAP 92
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SUBROUTINE STRGAA (XY,2,ETA1.ETA2;PNM*P%1,NETAtJ;Wi*** I

C Y9Z IS THE NAMES Of THE ARRAYS CONTAINING T141 V COORDINATE DATA* STAG 3
C ITA19ETAZ LOCATION POINT USED IN THE TITLE. STRG 4

C PM19PNI MESH LOCATION USED IN THE TITLf. STAG 5
C NETA IS THE CONTROL FOR INNER OR OUTER USED IN THE TITLE. STRG 0
c J IS THE LOCATION OF THE FIRST DATA POINT IN ARRAYS Y AND I FOR STABS ?
C EACH STRAIN PLOT. STAG I
C N IS THE NUMBER OF DATA POINTS. STAB 9

DIMENSION X(IA)YliehZflbSYMII3I5YM42431.SYM3I!),5YP4121.X1(4), STRG 10
IX2141 STAG 11
COMMON IPLOTO/ YNPEDIST*PA141 STAG 1a
OATAISYM1I4Kl9Km13)/IOIOETAl a 910)4 4 94)4 11 STAG 13
1 4SYMZIPJK)A1931/1OHETAl a 910)4 0404 1/ STAGS 14
2 4SYM3lI9KbuI#2)/IOHETA2 COMP0,4NNENTI, STAG 1s
3 4$YP"4IK)vK*I92)/1OHETAl COMP094HNENT/ STRO 16

CSTRO I?
IF4I.EQ.O)GOTO 10 STRG 16

Im.1STAG 19
YNPUYNP*10.O STRG 20
YBARs .10. STAG 21
IFII.LE.3)GOTO 25 STAG 22
YNPaYNP- 10.0 STRG 23
CALL PLOT IXOIST*-YNP*-31 STAG 24
GOTO 20 STAG 25

10 XDISTmI3.0 STRG 20
CALL PLOI 4XOIST*-YNP*-31 STAG 2?
XLua.O STRG 26
YLm*6.* STAG 29
CALL SCALE IX*XLvNoll STRG 30
XMINuXIN*1) STAG 31
XS=XIN+2 I STRG 3M

20 XBARuO.O STAG 43
YNPaO.O STAG 34
V BARmG * STRG 3S
fa1 STRO 30

25 CALL MAXMIN fYtYMINYMAEJqNq1) STRG 3?
CALL MAXMIN fZ9YMIN9YMAX9JvNs2) STAG 36
Eli 1)uyMIN STAG 39
X112lomYMAX STAG 40
CALL SCALE IXI*YL.2911 STAG 41
YMIN-XE1I3) STAG 42
YS.E1141 STAG 43
JMuJ+N STAG 44
JSGJ.N.I STAG 45
YfJM)aYMIN STAG 40
YIJS~oys STAG 4?
2 IJMlwYMIN STAG 46
l4JS)-YS STAG 49
CALL PLOT IXEBARoYBARe-31 STAG so
CALL AXIS IO.OOeO,4HTlME,-4,XL.O0.XMINeSI STAG sI
CALL AXIS 4O0*090OIOH1STRAIN I )I.AO*YL*90*09YMINtYSI STAG 52
CALL SYMBO0L ~11.S-1.0O.d,6HLOCATIONvOoOoI) STAG 53
CALL SYMBOL 12.7,-I.I5,.49IH 90.0.1) STAG 54
CALL SYMBOL I5.O,-1.159.491H v0.0,1) STAG 55
IFINETA eNE. OIGOTO 30 STAG 54
CALL SYMBOL I5.39-I.Ov.1,5HOUTER@O*O,5) STAG S?
GOTO 35 STAG 56

30 CALL SYMBOL 4593t-1.O,.19SHINNERO.O,5) STAG 59
35 CALL SYMBOL I2*S,-O*9v*I9SYMt9O.O,241 STAG 600
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CALL NUMBER f3.5,9999.,1,ETA1,0.093) STAG '61
CALL NUM4BER f4*S#999*.,dPlNI,0.0,3) STAG 62
CALL SYMBOL (2*S,-1.&,.1,SVM290*O,241 STAG 43
CALL NUMBER 13,50999.,.1,ETA2,O.O,3) STAG 64
CALL NUMBER (4s.5,999e,.1,PNl,0OeIb STAG 65
Xii i)s2*9 STAG 44
X21 1l-1.3 STAG, 4?
Xli ?)u3*4 STAG 64
X212)=-1*3 STAG 69
XlI 3)mO.O STAG ?0
X24 31*O.O STAB ?I
A'141o1.0 STAG ?2

XZ( 4)al.O STAG 73

CALL SYMOL (3.6,-l*3**lSYM4,0.0,14I STAG ?5
X2f lim-1.5 STAG ?4
X212)a-1*5 STAG 77
CALL SCOSNI lX1,XZ2,l,1PA,41 STAG ?&
CALL SYMBOL (3.b6,-l.59*ISYM3*O*0,141 STAG 79
CALL LINE lXtYtJltNolOo0) STAG 60
CALL SCOSI4L IXPZIJ)oN*1,PA*41 STAG 01
RETURN STAB 62
END STAG 03
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SUBROUTINE MAXMIN lA9AHIN9AMAEJvN*KkY) **
DIMENSION Ali) MAXP JGOOo 11o.2019KEY NMAX 3

10 J~wJ NMAX 4
J~uj.E- 1 MAXM 5AMINAIJI) "AKN 6A#IAE.AIJ21 MAXN ?

20 00 100 l.JIJ2 MAXN 8AMAXuAAMAXII AMAX,A I I I MAXM 9ANINsANIN1IANIENtAl ))MAN1
t00 CONTINUE MAXN 10

RETURN MAXN 11
END MAXN 13
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SUBROUTINE SCOSHLfX#Y#NINC9PA*N) ..
C411 XsY ARE T141 NAMES OF THE ARRAYS CONTAINING THE X AND Y SCOS a
C COORDINATES* AND THE SCALING PARAMETERS. IS1 *SCALE'*) SCOS I
C411 M IS THE NURSER OF POINTS IN THE X AND Y ARRAYS. fHIS DOES SCOS 4
C NOT INCLUDE THE TWO EXTRA LOCATIONS FOR THE SCALING PARANITERS. S-,.DS 5
C411 INC IS THE INCREMENT THAT THE SCDSNL SUBROUTINE IS TO USE SCDS 0
C IN GETTING DATA FROW4 THE X AND Y ARRAYS* ISEE ISCALE's) SCOS ?
C(11 PA IS THE NMAE OF THE LINEAR ARRAY WHICH CONTAINS THE ELENENTS SCOS a
C OF THE PATTERN WHICH IS TO Of REPEATED UNTIL THE CURVE SCDS 9
C I S DRtAWN. SCDS t0
C, PAIII. FOR 14193s,5....9. CORRESPOND TO THE DASHES IN SCOS 11
C THE PATTERN* WHILE SCOS 12
C PAIl), FOR I.2t4,0....... CORRESPOND TO THE SPACES SCOS is
C BETWEEN THE DASHES SCDS 14
CiI) N IS THE RNUNER OF ELEMENTS IN THE PATTERN DESCRIPTION. SCDS is

DIMENSION PAI1IXI11,Y1I) SCDS 16
NPSMOINC.I SCDS I?
NQONP' INC SCOs 1s

D~a1OINNO)SCOS 19
F~ua I NPI SCOS 20
OYe1.O/Y(NQ1 SCDS at
PYmYINP1 SCOS 22

KOOSCOS 23
DL~uO.O SCOS 24
DEXINlxI1-PEISON MsC 25

DYIIYIIlPYIOYSCOS 26
1ei SCOS 2T
Jul SCOS 28
OTOoPAI 1) SCOS 29
CALL PLOT(DE29DYZ,31 SCOS 30
GOT* 30 SCOS 31

20 DSIUDv2-DYI SCOS 32
OCOuDXZ-DE 1 SCOS 33
OL~wSORT DSIsSDSI#OCO$DCO1 SCbS 34
R*NODIJ921 SCOS 35
IFIOL4.LE.DTDIGOTO 30 SCDS 30
DNIsDX*OCTDSDCOIDLN SCOS 3?I
CALL PLOTIOE1,DYl,3-K1 SCOS 39

Jmj#%SCOS 40
IFIJ.GT.N)JuI SCOS 41
OTOmPAI J SCDS 42
GOTO 20 SCOS 43

30 IPIK.NE.OICALL PL0T4DX2,0Y2921 SCOS 44
0*1.032 SCOS 45
DYIaODY SCOS 40
I *141 NC SCOS 4?
IPfIIGT.N) RETURN $Cos 40
OXZeIX1I1I-FXISOX SCOS 49
DVaIYI Il-FYISOY SCOS s0
OT~mDTD-OL4 SCOS 51
Go TO 20 SCOS 52
END $COs 55
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APPENDIX E.
FORTRAN LISTING OF THE REPSIL PROGRAM

The listing is given in the following order, consisting of Main

program and 22 subroutines.

1. MAIN Program 12. BOUNDU

2. START 13. AbINIT

3. INVEL 14. SYMTRY

4. POSITN 1S. KINET

S. DGEOM 16. PWORK

6. GRAD 17. DAMP

7. STRESS 18. DESTEP

8. RESULT 19. PDATA

9. MOTION 20. PRESS*

10. WRTAPE 21a. INGEOM (Flat Plate)

11. STRAIN 21b. INGEOM (Full Cylinder)

21c. INGEOM (Cone)

There are three nonstandard FORTRAN statements used:

1. CO14MON (USE MAIN) is used instead of repeating long COM4MON
statements in the subroutines that appear in the MAIN program.

2. CALL SKIPFILE (t,n) is used in subroutine PDATA to move tape
t forward n file marks. The next READ or WRITE statement will
"begin with-the information after the file mark.

3. CALL BACKFILE (t,n) is used in subroutine PDATA to move tape t
backward n file marks. The next READ statement will begin with the
information after the file mark, the WRITE will erase the file mark.

*Subroutine PRESS gives the pressure loading applied in the flat

plate example, Section 5.1.
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C MAIN PROGRAM MAIN I
C MAIN 2
C TAPE 1 RESTA~r INFORMATION MA IN 3
C TAPE INPLOTI PLOTTING DATA MAIN 4

COMM4ON 'fl(23,34S9V2E23,34),V3E23L,4IU1(239343,U2(23.34).U3(23,345MAIN 5
,fMI11(23934),FM12423.34),FM22123.34).FM1IIZS,341.PN12(23,341, MAIN 6

2FW13(23,34),FN21123.341,FN22(23.343,FN*3(23,34),SN1(23,34). MAIN 7
3SN2(23,3414SN3(23,3I.TEMP(239341,P(23,343,EPbLI(23,341, MAIN a
4EPSL2(23.34),GAMMAL(23,343,EP3U1IZS,343 ,EPSU2(23,34).GAMMAJIA23934)MAIN 9
5,5I1623,34,123,S162423934,12),TAUI23,34,12),PLMAT(23,34, 43, MAIN to
6OEPSI(41.OEPS2441.DGAMMAI4IZETAE44)SSINN(%3,SSZMN(4),STMIN(4*) MAIN £1
?ZETASQ(43,NCYCN(501,NIC3OP(5OI .JCVNLP(503 MAIN 12
COMM4ON MMPR.MR9SNNNftNSN1.M1,RD11,RD12,RD22,RTV1,RT02,MB1, MAIN 13
1OETA1,DETA2, TRONN30.DAMPFDFACT.MDAMP.TDAMPLOhDDELGAP MAIN 14
COMMON E.FNU.GPRATSIGZGANLohIAVERDOELTATTIMELPRESS.6ThO, MAIN is
INNNNCYCLENRITENCONTNSTRN.CINERCINESCINEPCIC2,NPLOT. MAIN 16
2OELSOTANAXCMRITECACICINETSTRENPLASTTNRGNU1,NS2,ENSENR MAIN 17
COMMON NPRINTNOELP.NESHFNMESNIBCE1,IBCE2,IBCE3,IBCE4,ISRNSFLv MAIN l6
IKJMAXoYL DFAC*NLP MAIN 19
COMMON NI1I(63,MI126),N11(61,NI2(63,DM1(63,DM2(63,0N1(63,DN2(63, MAIN 20
1PME6).PN(6),ETAGI(61,ETAG2(61 ,ANGLE(63 ,ANGLSI(63 ,NETAG(6).EPSSI(61,MAIN 21
ZEPSS2(6$wJCHK431 MAIN 22
COMMON OMQNMQ1.M02.NQ1,NQ2,OM1.QMZQN1,QN2,D1,D2,D3,ETADZETADZ MAIN 23
COMMON G111(6),6122163,G112(63,ASA(6).BSA(6),CSA(6),ASB(6),BSS(6),MAIN 24
ICSI(6),BlllE6),812l(6),B22146IA111(6I.A12l(6),A221(6)s.B112(6J, MAIN 25
28122(6),1222(6),A112(63,A122(A),A222(6),B11316) ,B123(6'90223"6), MAIN 26
3A113(6),A123161,A223(6).51141,..S124(6)hB224(6),A114(6),A12'. MAIN 27
4A224(6IDSR(33,PSR(3).SSIG(33,SEPS(3),SE(3hvSIGZSQ(3),WT(3) MAIN 28
COMMON Y11,#Y12,Y139Y21,Y22,Y23,Ul1,U12,tfl3.U21,U22,pU23. MAIN 29
1 Y111,Y112&Y13,Y2Y12Y2.T123.Y221.Y222,pY223v PAIN 30
2 U111,U112.1J113.U121,U122,U123,U221,U222,U223 MAIN 31
COMMON A11,A12,A22,SRACS111,CS112,CS122@CSfl1,CS212,CS222,j MAIN 32
1 S11,812,922,ST,8M11,BM12,BMZ1,SM22,ClNESI MAIN 33

C MAIN 34
NPLOTm3 MAIN 35

4 P* I MAIN 36
NNN-1 MAIN 31
CALL STARTMAN3

C MAIN 39
C CH4ECK IF THIS IS A RESTART MAIN 40

IF(NCONT fEQ* OIGCTG 15 MAIN 41

NPRINTs(NCYCLE-MOD(NCYCLE.NOELP) )*NDELP MAIN 43
c SET CYCLE NUMBER .0 MAIN 45

15 NCYCLE-O MAIN 46
TINEWO.0 MAIN 47
CINES-0.C MAIN 48

TOAMP-O.O MAIN *9
CINEP*0.0 MAIN 50
CIS=.O. MAIN 5?1

C2=*O. MAIN 53
C3aO.O MAIN 54

C SET SYMMETRY BOUNDARY CONDITIONS FOR EDGE19EDGE29EDGE3 MAIN 55
IF(ISCE2 *NE. 21GOTO 17 MAIN 56
CO 16 MsZMI MAIN 51
YI(MtNN~uYI(M*NR) MAIN 58
Y24MNN)--y2(MeNR )42*0*YZ(N.NS) PAIN 59

Y31"*NN)aY3IM*NR) MAIN 60
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16 CONTINUE MAIN 61
17 CO 20 NaINN MAIN 62

YI(1,141u-Y1(39N) MAIN 63
Y2(1#Nl- Y213#N) PAIN 64
Y3419NIa V313,N) MAIN 69
IPEIBCE3 *NE. 2)GQTO 20 MAIN 66
VI EMMNlu-YI(NRNl "AiN 67
Y2(MPNiN) Y24MRNI 00AIN 68
Y31MMvNla Y34MR#Nl HAIN 69

20 CONTINUE MAIN 70
C MAIN 71
C SET INITIAL DISPLACEMENTPRESSURE#STRAIN AND STRESS n 0 MAIN T2

CO 28 MuRMNg MAIN 73
DO 28 NalyNN PAIN 74

U2EMtNl=CeC MAIN 76
U3INN)-.0. MAIN 77

EPS(tlEMDm.0 ANi

EPSL2lMNt~aO.C MAIN 80
GAPMAL(N*NM 1.0. PAIN @1
EPSUIIMNv~lO.0 MAIN 02
EPSU21NIMN1.0 MAIN 63
GAPMAUIM,N 1.0.0 MAIN Si
CO 26 KnAKJMAX MAIN 05
SI G I(MNr 9 1 w. MAIN 06
SIG26IM.NMluO. MAIN 67 *

TAU(*NvgeQ.MAIN a6
28 CONTINUE AIN es

C MAIN 90
IF(LOAO) 29930929 MA4IN 91

29 CALL PRESS M4AIN 92
30 VELGANuOELSQIGAM4Z PAIN 93

C WRITE INITIAL CARTESIAN COGORINATES, PRESSURE M4AIN 94
WR ITE46, 300) MAIN 95
CO 46 M=2,N1 MAI1N 96I

46 WRZTEI6,400)MENYI(MNIV21M.pNIY3IMN),P(MN),N-1,NZ) MAIN 91
C MAIN 98

CALL GGEGM MAIN 99
CALL STRAIN MAIN 100
IFILOAC) 31,31,43 MI 0

CMAIN 102

C31 CALL INVEL MAIN 103
CMAIN 104

CO 35 Mw2.MS MAIN 105
00 35 N=2,NS PAIN 106
U1I I H NIsCEL.TAT*U I(N,NjI MAIN 101
U2 IM#NI-DELTAT*U2dMvN) MAIN 100
U3 IMNJ=DfLTAT*U1e3MvN PAIN 109I

35 CONTINUE PA IN 110
CALL DOUNDU PAIN III
CALL LINE? PAIN W1
C INES*2 ,O*C 1MET MAIN 113
TNRC-C IWES MAIN 114

CMAIM 115

c IFILOAC) 4294SP43 PAIN 116
CMAIN 117

42 CALL P101K MAIN 116
C MAIN 119

43 00 44 N~M*2S MAIN 120
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00 44 03"2,NS MAIN 121
U1IM N)uU1(MN I-P(.N)N*SN1IMNIN*TEMP N) MAIN 122
U2 IMWNU2IMNI-P(INWI*SN2|MNI *TMPiMeNI MAIN 123
U34(M.N"U3(NMNI-PIEMNIOSN3I.Nl*TEMP4NMN) MAIN 124

44 CONTINUE MAIN 124CALL IBOUNOW PAIN 126

CALL PWORK MAIN 127
ENR" ENS MAIN 126
CALL KINET MAIN 129
TNAGoCINET PAIN 130

45 IfIWCVCHN(I .EQ. O)NNNw2 MAIN 131
49 CALL POATA (11 MAIN 132

C MAIN 133
C END INITIALIZATION MAIN 134

S0 NCYCLENCYCLE.1 MAIN 135
TIMEsTIME#DELTAT MAIN 136

SCMfCK FOR FINAL STEP MAIN 137
IFINCYCLE-MAXCI 60.60,70 MAIN 133

C CHECK IF CALL PRESS IS NEEDED MAIN 139
60 lr4LPRESS-NCYCLE) 64,62962 RAIN 140
62 CALL PRESS MAIN 141
6'% CALL POSITN MAI* 142

CALL OGEON MAIN 143
CALL STRAIN MAIN 144
CALL NOTION MAIN 145
CALL POATA 42) MAIN 144
CALL DAMP MAIN 147

C CHECK FOR RESTART DUMP MAIN 148
tfiNCYCLE-MRITE ) 50,66.50 MAIN 149

66 -ALL WRTAPE (11 MAIN 150
MRI'*EamR ITE.NRITE MAIN 151
CALL POATA (31 MAIN 152
GOTO so MAIN 153

70 IFIRCYCLE *LT. 25ICALL EXIT MAIN 154
CALL POATA (3) MAIN 155
CALL PDATA 441 MAIN 156
CALL EXIT MAIN 157

C MAIN 156300 FO@MAT(1HI,32X-296:INITIAL CARTESIAN COOAOINATES932XIflPRESSURE/3XNAlN 159
IIJMN,$X*INe9X4THVI|MeNelSlXeTZNVeN9NlX8XeTHY)|Mtfl9e2OX96HPIRNbNI PAIN 160400 FORMATI 214,442X1E230161/(Ie,42X1E23.16))) MAIN 161

END MAIN 16J
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SUBROUTINE START **
DIMENSION TITLE(S) STAR 2
COMMON IUSE MAIN) STAR 3
READIS9100) TITLE STAR 4
READI5,105) MESHvNMESH,LAYERvYLOFAC STAR 5
READIS,1OS) MAXC*NCONT*NRITE*DELTAT STAR 6
REAO45pI1O) IOCE19ISCE291SCE391SCE4 STAR 7
READI l5, 15 LOAD#LPRESSNDAMPoDAMPF,OFACT STAR 8
READISv12OI EoFNUo3IGZtRHO*THICKN*NSFL91SR STAR 9
IFINSFL *EQ. 1 .AND. ISR .EQ. O)GOTO 700 STAR 10
IFINSFL eEQ* 0 )GOTO 700 STAR 11
READ (5.1251 (SSIG(J),SEPS(J),DSR(J)4PSR(J),J-1,MSFL) STAR 12

700 IFINSFL *LT. 1) ISR--1 STAR 13
IFINSFL .LTo 11 NSFL-l STAR 14
READ(5,110) NPRINT,(JCHK(J),J-193) STAR 15
READIS91101 NUNCY94NCYCH-IJ)*J-1.MUMCY) STAR 16
READI 5110) NLPRZN9(JCYNLP(J)tJ-1,NLPRIN) STAR 17
READI5,1101 N3D*INC3DPIJIPJ-1,N3D) STAR 18
SSIGI 1)-SIGZ STAR 19
SEP51 1).516Z/E STAR 20
KJMAX-LAYER*NSFL STAR 21
SE(II-E STAR 22
SIGZSQ(I )-SSIGI 1)*0Z STAR 23
DO 79S J*1,MSFL STAR 24
IF41SR *LT* I)GOTO 794 STAR 25
IFIOSRIJI *GT. 0.0 .AND. PSR(J) *GT. O.O)GOTO 793 STAR 26

?91 WRITE(69792) STAR 27
792 FORMAT(.v46H ERROR IN STRAIN HARDENING OR STRAIN RATE DATA I STAR 28

CALL EXIT STAR 29
793 PSRIJI a 1.O/PSRIJ) STAR 30
794 IF(J *EQ. 1) 6010 795 STAR 31

IF(SEPS(J).LE*SEPS(J-'111 GOTO 791 STAR 3?
SEEJ)I=SSIG(J)-SSIG(J-1))/ISEPSJIJ-SEPS(J-1)) STAR 33
WT4J-1)I* SEfJ-11-SE (.1) /E STAR 34
SIGZSQ(JJ-IE*SEPS(J ))**2 STAR 35

795 CONTINUE STAR 36
WTlNSFLlsSE(NSFL)/E STAR 37

C CHECK NUMBER OF MESH POINTS NEEDED FOR ETAI,ETA2 DIRECTIONS STAR 38
MM.oMESH*2 STAR 39
MN=NMESH*l STAR 40
N I NMN STAR 41

C CHECK BOUNDARY COMOTIONS FOR EDGE2 STAR 42
IFElI&CE2 NE* 21GOTO 4 STAR 43
NN-NMESH*2SAR4
NI=NN-1 STAR 45

C STAR 46
k4 HIS"" STAR 47

MS1NNM-2 STAR 48
P481.3 STAR 49

NBZmNN-2 STAR 50
C CHECK BOUNDARY CONDTIONS FOR EDGE3 STAR 51
IFIIBCE3 .ME. 21GOTO 5 STAR 52
NM=ME SI*3 STAR 53
MI-NM-I STAR 54
MBIamm-1 STAR 55

5 MSMMN-I STAR 56
NSMNN-1 STAR 57
MRmMM-2 STAR 58
MRuNN- 2 STAR 59
IF(IBCE3 .EQo 3) MinI-MS STAR 60
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IF(IlCEA *EQs 31 N8102STR6
IF41SCE2 oNE. 11 N824NS STAR 62

C STAR 63
READ4 5*1301 ETADIETA02PNSTRNSTR6
REA0I5,1SIIETAGI(i).ETAG211IANGLE4I),ANGLS(IDNETAGAI).Ial1,NSTRN)STAR 65

C STAR 66
CALL INGEOM STAN 6?
Q~a2. 0.ETADI/DETA I STAR 68
QNal*0.ETA02/DETA2 STAR 69
"(110414 STAR TO
NQ2*.NQ1.1 STAR it
NalwaN STAR ?2
NQZ.NQI.1 STAR 73
ON1.QM-FLOATIMOI) STAR 74
QN2*PLOAT(NQ02 I-O STAR ?5
QNIsON-FLOATINQI) STAR 76
ON2sFLOATItNQ2 I-QN STAR ?77
00 20 IuINSTRN STAR 78
PM. I)w2.0*ETAGJIfI/DETAI STAR 79
PNI II*l.0.ETAG211I)/DETAZ STAR 80
"I ItI(loPmt I I STAR S1
"NIZ4 I ).Nl( R)1 STAR 82
NIhII I-PNI II STAR 83
41241 1-NIll11411 STAR 84
PNINI1III) STAR 05
PM2-4121 11 STAR 86
PNX-NI1fII STAR 8?
PN2-Nt4121 STAR 88
ONI(IlmPME I)-PM1 STAR 89
DM24 I)-PM2-PMI I) STAR 90
DM11I I-PillI I-PNI STAR 91
ON21 I )Pt4Z-PN41 STAR 92

20 CONTINUE STAR 93
C TIME INCRE04ENT BY VON NEUMAN STAR 94

CoSQRTIE/IRHOSi 1.0-FNU**2))) STAR 95
DELM-2.0/IC*SORT(I.O/DETA1**2.1.0/DETA2**211 STAR 96

ZAYER-LAYER STAR 97
FLAYER-IZAYER/2.0)0*2 STAR 98I
DETAN-.0833333333333333-(1.0/148.O*FLAYERI) STAR 99
DXA-1.O/DETAl*04 STAR 100
OVA-I .O/DETA2*04 STAR 101
T2u( 1.0415.O*FNUI/IS.OODETAI**2eDETA2**Z1 STAR 102
DELS*1.0/12.0*THICKN*C*SQRTIDETAN*IDX4*DY4,T2)I1 STAR 103
DELM4INPAN INII DELOPDELM) STAR 104
SUN-l.0 STAR 105

25 RSUMtmldO/SUM STAR 106
SUmmsu"01O.O STAR 10?
IF(RSUM eLT. DELNIN)GOTO 30 STAR 106
GOTO 25 STAR 109

30 DELMINatAINT(OELMIN*SUM)/SUM STAR 110
DEL INODELTAT STAR III
IFIDELIN .61. 0*0)DELMIN-AMNINDELINWDELMINI STAR 112
DELTATuOELMIN STAR 113

C PROGRAM CONSTANTS STAR 114
H=O.5*TI4ICKt STAR 11S
GAMZbTHICKN*RHO STAR 116
NDELPuNPR INT STAR 11?
MR ITEaNCONT+NRITE STAR 118
DO 3 Ka1,LAYER STAR 119
ZETA(KIN*I 1.O-I2.O*FLOAT(K)-1.OIIZAYERI STAR 120
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ZETASQIK$ ZETA4K)S*0 STAR 1II
3 CONTINUE STAR 122

TA-HO12.O/ZAVER) STAR 123
OELSQ*OELTATN*2 STAR 124
-.5*EII 1 .O+.UI STAR 125

GTWOnkG*2. 0 STAR 126
PRATmE/1I.0-FNIJ*92? STAR 127
RT0DIe0/l2aO*DETAI) STAR 126
MTD2a1.O/12.00DETA2) STAR 129
rDlI~k1.9/DETA1S** STAR 130
RD22mtl.OIDETA2**2 STAR 131
RDI2nO.25/IDETA1*DETAZ) STAR 132
CAuDETA1*DET62 STAR 133
CSmTA$DETA1*DETA2/F STAR 134
TRDm.O.0R012 STAR 135

C DAMPING CONSTANTS STAR 136
C 2 w2. 0*DEL TAT*DAMPF /GANZ STAR 137
CIaC2/(4.04'C2) STAR 136

C STAR 139
WRITEI461301 STAR 140
WRITE(6,1403 TITLE STAR 141
WRITE(6*1501 MESHvDETAlvNNESH#DETA2 STAR 142
MRITE4693001 DELSDELM9DELINDELTAT STAR 143
WRITE4691601 EoFNU*SIGZiPRHOoTHICKN STAR 144
WRITE(6,1701 NCONT,NAXC*NPRINT*NRITE STAR 145
WRITEI691?5) LAYER*NSTRN*LOADvLPRESS STAR 146
WRITE(6p1S0) IbCE191BCE2*1ISCE3,ISCE4 STAR 147
WRITE(6918S) IJCHKII)9I-1,31 STAR 148
WRITE(691901 (NCYCHEIlel.I*NUNCY) STAR 149
WRITEI6*5001 IJCYNLPIJI.J-1,NLPRIN) STAR 150
WRITE(691951 (NC3DP(I~I3,Iu.N3D) STAR 151
IF(ISR aEO. -1) WRITE(6,4001 STAR 152
IF(NSFL .EQ. I .ANOs ISR *EQ* 1) WRITE46,4051 STAR 153
IFINSFL sGT9 I *AND. ISR oEQ* 0) WRITE46941O) STAR 154
IFINSFL *EQ& I *AND* ISR *EQ* 01 WRITE4694151 STAR 155
IF4NSFL .GT. 1 *AND. ISR .EQ9 13 WRITE(6*420) STAR 156
IF(NSFL.GT.13WRITE( 69820)NSFL STAR 157
WRITEI6.621I(JSSIG(J),SEPSIJ),DSR(JIPSR(J)tJ*INSFLI STAR 158
ItRITE(6,1101 STAR 159
TIMEaDELTATSFLOATINDAMPI STAR 160
WRITE16,200) MDANPTINEDAMPFvOFACT STAR 161
RETURN STAR 162

1s FORMAT(4El0.4tI5) STAR 163
100 FORMATISAIO) STAR 164
105 FORMAT13I59E12.61 STAR 165
110 FORMATI 16151 STAR 166
115 FORMAT43ISip2EI2.6) STAR 167
120 FORMAT(5E12*6*215) STAR 168
125 FORMAT44E15*71 STAR 169
130 FORMATI2EIO.4,151 STAR 170

C STAR 171
140 FORMATI1HI,53X,15HBRL REPSIL COOE//Z4X,6A10/) STAR 172
150 FORMAT 438Xip14,29H MESHES IN THE ETAI DIRECTION93X,8HIDETA1 wE12.69STAR 173

IIH)/38Xs14,29H MESHES IN THE ETA2 DIRECTION93X,8HIOETA2 aE12*691H)STAR 174
21) STAR 17S

160 FORMAT157XI7HVOUNG4S MODULUS -E12o6 STAR 176
1 /32X9Z7HPOISSON'S RATIO sE1Z.6o10X917HYIELD STRESS bE12*6STAR 177
2 /32XY1?HMASS DENSITY wE12.6vIOXvITHTHICKNESS ftEl2e6STAR I78

31) STAR 179
170 FORMATfI>E,18HSTART AT TIME STEPIS/55X9181IFINAL TIME STEP *15/ STAR 180

175



1 SSX92INSURFACE STRAINS IVERYIS,1ON TINE STEP/ STAR 161
Z SSX921NRESTART WRITE EVERVIS910H TIME STEP/) STAR 162

1?5 FORMAT(43XvTI4LAYER wISqlSKSHNSTRN m15/ STAR 133
1 43XTI4LOAD *I5vISXsHLPRESS a.11/ STAR 164

160 FORMATI54K.I9HBOUNDARY CONDITIONSI4?X*31141/2/3 a CLAMPED/SYMNETRY/STAR 165
IHINGED/SXo7HEDGEL aI4/57X9?HEDGE2 ul4/5?X*?HEDGE3 a14/ STAR 186
2 57Xg?*4EOGE4 m14/1 STAR 167

185 FORMATf50Xs2SHPRINt OPTION CONTROL CARD/SZX,20H0/l a NO PRINT/PRINSTAR 188
IT/SOX, 14,2414 DISPLACEMENT INCREMENTS/ STAR 189
2 SOX914932H CARTESIAN COORDINATES* PRESSURE/ STAR 190
3 SOX914,)33H SURFACE NORMAL VECTOR COMPONENTS/I STAR 191

190 FORMAT(24X,4SI4PRINT INFORMATION AT THE FOLLOWING TIME STEPS/424X, STAR 192
141615M1 STAR 193

195 FORMAT424X936143-D PLOTS FOR THE FOLLOWING TIME STEPS/124Xtf1Ifi5)I)STAR 194
200 FORMAT(/46X929HSTART DAMPING AFTER TINE STEPI5,SX#6HTIME =EIO.4/ STAR 195

14OX97HDAMPF atE1O.4, IX*7HOFACT OE1O.4) STAR 196
300 FORMAT(4?X92SHBENDING TIME INCREMENT. E12.6/4?X*25HNEMBRANE TIME STAR 197

IINCREMENTm E12.6/4?Xg2SHINPUT TINE INCREMENT- E12.6//44X931HTIMSTAR 198
2E INCREMENT USED BY REPSILe E12.6/1 STAR 199

400 FORNATI/3?X,32HCONSTITUTIVE RELATION ELASTIC) STAR 200
40S FORMATI!24XtSHCONSTITUTIVE RELATION ELASTOPLASTIC-NO WORK HAROSTAR 201

IENING-STRAIN RATE DEPENDENT) STAR 202
410 FORMATI/24XiFTHCONSTITUTIVE RELATION ELASTOPLASTIC-WORK NARDENISTAR 203

ING-STRAIN RATE INDEPENDENT) STAR 204
415 FORMAT(/24X98SONCONSTITUTIVE RELATION ELASTOPLAST!'-NO0 WORK HARDSTAR 205

1CNING-STRAIN RATE INDEPENDENT) STAR 206
420 FORMATI/3?XvSI4ONSTITUTIVE RELATION ELASTOPLASTIC-WORK HARDENISTAR 207

ING-STRAIN RATE DEPENDENT) STAR 208
500 FORMAT(24X*49HPRINT L MATRIX ILMAT) AT THE FOLLOWING TINE STEPS/ STAR 209

k(24X* 161I)I STAR 210O
820 FORNAT435E3(93HSTRESS-STRAIN APPROXIMATION HAS,139IOH SUBLAYERS) STAR 211
821 FORMATI/46X94OHSTRESS-STRAIN AND STRAIN RATE PARAMETERS/ STAR 212

130X,1HJ,9XTHSSIG(J),6X.7HSEPSIJI,14X,6HDSRIJ),6XSHI/PSRJIJ/ STAR 213
2(26K. 15,5X.1P2E1S.7,SX,2E15.?1) STAR 214
END STAR 215
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SUGROUTINE INVEL **
COMMON 4USE MAMN INVE 2

C EVALUATE THe INITIAL VVLOCITY AT TIMEwO FOR ALL HES0M POINTS INVE 3
READEIS9100 NIoNF*NI*NF*VRoNV INVE 4
WRITEI4.&200) NI*NFNINF*VR INVE 5

CINVE 6
00 30 MNuI*IM INVE ?
00 W0 NONIONP INVE 8
Ul4iMNls..Vf*3NIfMvN) INVE 9
U21MN~Nu-VRt*SN2fMvNl INVE 10
U3(HtNlu..VR*SN3IMN)N INVE It

30 CONTINUE INVE 12
IFINVIS)50,S040 INVE 13

40 WRITBIO463001 INVE 14
00 45 Kwl*NV INVE 15
READI5SeCIOl MNV INVE 16
WRIT6,4b44OO) MvNV INVE 17
Utlft*M)m-V*SNIIMNl INVE 18
U2IftN)u-V*SM2IN*N) INVE 19
U3INMlnu-V*SR34M@Nl INVE 20

45 VINTINUE INVE 21
50 RETURN INVE 22

C [NYE 23
100 FORMAT1415,E12*6*15) INVE 24
200 PORMATIIH1,311.3H(M-,I)l3N,.p13,9t4) AND IN091391H991343OI4) RECEIVE INVE 25

IFULI. VEL0CITV*(VR~w 9E12.6/) INVE 26
300 FORNA*T(52X,2THOTHER VELOCITY nISTRISUTION/5?X,1HM,4X,1HNISKIHV/) INVE 27
400 FORMAT(54X.2I5,2XvE12%6) INVE 28
500 FORMAT(2I5*E12o6) INVE 29

ONO INVE 30

177



SUBROUTEINE POSIT4g**
C00 ONESo H altom 

Post 2

YE N N*Y4N ,. )+j U24 Me%) P S
~ )'2IRt4)Post 

6S0 CONT INUE 
PostIFfNCYCLE .NE, NC'ECHINMepebOTos 75 post a*C WRITE DISPLACE~NT INCREMENTS Post 10IF(JCNK(a)) 63,613#55 Post 10b'S NCYCaNCYCLE-1 
POST 11WRITE 4695091 NCYCNcYCLEPOt 

3
00 60 Mw2.NIPos61.) WRITE 16.9917) MS(NSUltN.N);u2414,NiU3IMN,N ItaNI) PosE 1sC WRITE CARHESIAN COOROINATES. PRESSUREPOE 163 IF(jCImK(z), 73.75,65 Post 16

65 WRITE 46,9999,1) NCYCLEtTINE PosE i9WRITE 16,903) 
20s 1NCYCLEINCYCLE.NCYCLIEPOi

00 TO NuZNI 
Post 2070 WRITE 48,902) NI*aMNz .N y3 NPN, l POST 2275 RETURN 
Post 2

C P o s t 2 3
S09 FOKT N 1,3H SLCMN INCREMENTS SETWEEN T.S.1,I4"4 ANOt, PosE 251 1 4 # 1 1P O S T 2 69915 FORN*Tqzge *SE KIlN 4X,1 ,O,"lhtll~?U(4N4$*H3MN 

27

9917 FOR ATI 6#1 012 vE2 *16) Ill *31 XoE 3,1 111POS T 29
99991 FORMAT41OH1TENE STEP*15.6X#54 )IMEE16*81 

POST 30
903 FORNA1*436X,2INCARTESIAN COOROINATE3X*NESR/XIN3X1* 

POST 31

2*I5X6H~f*Nf1POST 
32

902 PORNATIZI*.4(2XE239161/(1t.
4 (2 X9E 23 .16))) POST 34ENDPo 

t 3



SUIROUTYINE OCEOM I..
COMMON OUSE MAIN) 0010 2
STPENw0*C Cclo 3
CO 90 P029m1 GE
C0 90 N6,10N1 DClo 5
CALL GRAC (INi 0010 6
m141m5N11NN) CGEO ?
AN2wSN2IMN.N 0660 a
PN3atSN3fENN Coto I
A1lsYll**24YI2**2*Yl3**2 0610 to
A22mY2$*2*2Y22**2*Y23**2 CIOEO 12
6l2mY11*V2I*Vl2*Y22,V13*Y23 C 1
CAuA11SA22-A12**2 0010 13
RAmI .0/0* 0010 14
SA*sSORTIDA) CGIO is
RR*.I .0/SNA COEO 16
IFILPRESS .61. NCYCLE) P(MNlN)SRA*PfMNlN 0010o 17
IFINCYCLE .10. C)GOTO 16 0610 10
IFIMeEQeNN .AND. 15CE3*6Q*1)GCTC a7 0010 19
IFIN.IQel *ANO. IBCE~aEQe1IGCTC e? 0660 20
IFIN*EQoNN 6ANOo IBCE2oEQ.1)GCTC 87 0610 21

86 SNIIMNNIRRA*lY12*VZ3-Y13*V221 0610 22
SN2(NN)mRRA*lY13*Y21-Y1I*V231 0060 23
SN3IMNNaRRA*IY11*V22-Y12*Y2ll C GEO 24

81 IRI1uSN1INN)*Yl11,SN2IN,#N)*Y1ZSN34P9qN)ey113 VGIO .ý5
612uSN1IN.N)*Y1214SN2INNý*Y122,SN3(NN)SY123 0610 26
822nSN1(NN)*Y2214SN2(N.N)*Y22:!.SN3t4NN)*Y223 OGEO Z?
IF fNCYCLf*GTe0) COTO 88 V610 28
TEMPfg.N IuOELGAN*RRA CGEO 29
CALL ABINITI*NlN DGEO 30
6070 90 CGEO 31

80 ARIla RAOA22 061:0 32
AR22s RA*Al1 0060 33
AR12*-RAOA12 0610 34
6N11aAR11*911+AR120012 0610 39
8M12*AR11ell124AR12*022 DG!0 36
ON 2) a R12011 AR 22*s12 0610 31
BM 22AR I 201124AR2 20022 0610 34
*TmdN11*0M22 0610 39
VRIlaARlI*Y11*AR12*Y21 'CGE0 40
YR 12mAPlI0%YI2+AR 12*Y22 0010 41
YR13*ARI*Y13*ARl2*Y23 0010 42
YR2ln*R12*V1 1'AR22*Y21 CGEO 43
YR22mAR12*YII*Aft22*V22 £010 44
Yft23mARI2*Y13*AR22*Y23 C010 45
0511 1aYRII*Y1114YM12*V11k*1R13*Y113 0010 46
CSlI2uYR1I*Ya21.Y11l2.1122.1R13.VI23 CCZ0 47
CS 122nvRI1*Y2Z1.'Vs12*Y222.VR13*Y223 DGEO 48
CS2I1aYR21*Y1 1k4YR~22*V124YR23*I1l3 0610 49
CS2Z.21R210Y121.*YR220Y1ZZ*IvR23.1123 C010 5o
CS222aYR21*Y2214YR~Z*Y222.YR23*V223 0610 51
CNLlm-RNlSU12-RN2*UJ.2-RN3*U13 0010 S?
CNL2u-RNIOU21-RN2*U22-RN3*U23 C610 53
CNP1UAR1 1*0NL1*AR12*DNL2 'nGEO 54
CNR2*Aft12*0NlL 1AR22*DNL2 rE0 955
SNNAV4I*SNl(NNI.RN2*SN2(No,NI*RN3*SN3(MNIN C010 56
CNI ONLl*ONRI*0NL2*00NR21/fI.0*St4NI CGEO 51
CAI~sluY1I*U1YI2*U12.VI30*Ul3-C.5*4Uill1**Zul2**24uU3**21 CGEO 56
CA22aY2I*U21,Y22*U22.Y23*U23-C.5*tU21**2.U2Z..2,L230.ZI 0010 59CA12UO.5*tYll*U2l*Y21*U11.Yl2*UZZ.Y2z*U12.v13*U23.Y23*U13 CGE0 60



I-U11*U21-U12*tUll-UlS*U&S) 0610 41
CS11aRNI*U)11.6kN2*Ul1244U430U113.CS1110ONLI.CS21100NL2,61&*N 06lo60a4
0Sll.RNIeOJlll*RNieU2aZ.RNS*sUal3.CSl22'ONLlCS2aISONL2.6Z2.0h Oslo 63
CS 12a3NN*Ul11.AN2*U1124R13*U123.CSAIZ*DNLI.CUIRS*CkLZ.61120N Colo 64
CO 69 K.1,LAVIR Colo 49
CIPS14KeGAI1-21TAIK)*OS1l ,Oslo 44
CIPS2E4 InOA22-LETAW0 11022 C610 47
COAMMAIK l.OAIR-ZIITA(I0)SOSU Colo 46
CALL STRESS 1MNK1 DOtto 49

69 CONTINUE Col0 T0
IPSL1IN,PN~aIPSL1(NN)4DA1h 0S11Del C6lo ?I
IPSL2(NN IUEPSL24NN)4OA22*Ne0S22 06l0 ?z
GANNALININ ).6ANNALG~NN ).A12'H*0S12 O6l0 ?3

IF(24IICE .Q.2)STRENNU*D22C*STREN 0610 ?s

00NU~~nA44UCeID1-401 s02 ?uLt1

90CONIU 602O ?IN

IFINCYCLE eNE.*06T 824HN)IT Co00 061 q9

IF(IJCNK 9FQ. 2) S0iCC,600 R 0610 92
C RITE(690 NCYCLRI N 0660 94

WRITEI64.91)N01 E1N 0610 9,

CO 102 N*2.N1 CIol as
61 WRITE SURFACE MNSINN)S2N,)S3I,)N. 1 0610k sl 97
700 cw!; RETURN940 C61 96

80 WRI4SUSOIYISRONCY OFTINE NCE NTISRSS)0610 101
51 FRNTE16/20xHNTNN,21:I9 N .,41)C10 109

alFORHATWH1 TISfXGI0 10

900 FORPAT(10141T1N1E STEP915,4X95H TJN!.E16el) 0610 104
910 FORNA11422X,32t4SURFACE NORMAL VECTOR COPPON1N1S/3X,1 0610 105

0610 106

INSO



SUBROUT INE GRAD 4ND.ONOD

~ GRAD 15

Vita RD11S(UIN419"l-V.eUINN19"l -1N) GRAD 14

UI3mRTDI*4U3IN*lgNR-2.O3lN.N)lU1-,I GRAD 17
IFl EN.EO.1Im 0010 1 -lml GRAD 93
IFl Ik.SQ.NW) Nl-A4-lMl Boe$RAO 19
U136 RT12*IYIIN*l#N 1I-0406-1,9N) I- GR,-1YI-,-I RAD 20

Y12RD1*111M*,W* I-3~N1,W1 )YII41 N-1S*11N-,N-11 GRAD 22
U12.RD2*I~tN~,N1)-1IN1,N5-U IRN-I~UIN-,N-~) GRAD 13

601 4GRAD 14

1F 4"14.I1IN1N1-lN1N1)-.*T21 BOO RAD to
IF 2R012S(YI COTO 2)-2W,2 GRAD 29

1 -40*42~f-1,.13VlE.1,*I~)"30SRD2*12GRAD to
~12mRD2*43IN1,*2IV3I.1,2)GRAD 31
1 ~.OSV34~1,,1)3I41,41I~b3OORD2*13GRAD 322
U12.RD2*41(N1,N2I-14N1,N2~GRAD 233
1 -4O*I1IN1,N1)-1(NW1bI-.O*T0211GRAD 34
U12uR02'(2IN1,*21U2I.1,lIGRAD 35

I 40I2R1N1-2NibI30RD.1 GRAD 34
U12'RD2*434N1,N2I-3IN1.~2)GRAD as
I -. 0SU3E-I,*1~U3I~I,41~I-3@*RO~e13GRAD 36
001 4GRAD 39

2 1213RD12*IYT3N*1,#4-2)-YlI01N-N2S GRAD 31
I -4.0*(VI(-lN*I,-1-Y1I~lN-1,N1IlI3.*ORTD2SV11 GRAD 31

Y~uu012(V2N.1N-2)YZ(-I~-UGRAD 42
I -4.0*EV2iN1*-1 ,*1-Ut2N-1,W-1I) I.3.0ORTO2*Y12 BRAD 43
Y123.RD&012*iY3EON.1N)-Y3IN-1,N-2R BRAD 35
I -4.OSEYIN2*1,N-1)-Y3IP-1,N-1))b*3.*ORTO**VIS BRAD 36
U121mP.10I2IU34ýI(NIN-2)-u1IM-.N-2I BRAD 3?
I -4.0*4u3IN.1.N-Ib-US141tN-1,t.1)I..O*RT02'U13 GRAD 4?

2U121uRD12S(U2IN41,N-2)-U2(N-I ,N-2I1 GRAD 40

601 4GRAD 52
"GAD 43

I -4O~f~lNl9N-l-Yl*-94-1110.OOT02YI2GRAD 43
V13RTDI2*I34Nl9-2,N-4.*3tN-l*IN..*3NNI BRAD 55

U1 ~GRAD 54

U122 RTD12sEU21N9-2.N-40U2GN.-1.NI3,ou(NNI BRAD 5?

COTO 4~~~~KzN-.uw1N.0uMtI GRAD S2
311R1*20Y(,)-.11-,I40V VII=)YIM3,) GRAD S9

YI13m RD11*tZ.0S2INN-5.0*V2IN.-1,NI*4.0*V2(PN-*N-$I -,) BRAD 40

Ullic~~~~~~~~~~~~~ 8TIIIN2N-#0Uf-9$3OUlli# RD 5



f I1"01$110014m N -s OV34-1ONO#40*V I -2ON -fs 039MI$ GRAD 61
U1 1160102*0144-1SW1Nb3O1*04 41-N*.~1 1 -asm)o340-430011 GRAD 62
UII 20161.0I * O6.R50lW1NO 0400oul N-2 ON 1-U1 10-30") GRAD 63

U11R01962Oei~t~eOI5.0U31-1,U.4D*U1M-,NIU3(-3,UI GRAD ~41
4 IF INS141611 SOlO S GRAD *5
IF UN.eff.WNI BOYS 6 GRAD 66
IF& I RTDZS(VIIMNW'1-VltN9N-l1) GRAD 6?
VAR* RTD2*IV2IUN.M*1UT2lEN,-I)1 GRAD 68
Visa RTOMMIVIIN.61)-134"N-111 GRAD 69
Vlai RTDRSIU1INW.1I-UlIN.I-111 GRAD ?0
U226 RTOlS*IUQIM*N*I1).UINoN-I?1 GRAD 71
DZI 303 6~NiIu31.-) GRAD ?2

Y221R~l*(VIN,6,1~5.*V1N.NV1NW1~,GRAD ?3
YilbRDl~el6RM.1-i.Y1INbV24~w-l IGRAD 14
YIRbRDiSV(NN41)-206V(NWU.34NN-1 IGRAD ?7S
UIUbR~ZSIIINW*12.U1IWIUIEW-IIGRAD ?6
UIIuRDDSIIGNN41-i.UZI.14.UiN.NIUGRAS 7??
walbRDa.6~tNN,1-1.U3(~rnu34.N-I IGRAD 761

IF t"N.19No.N SOlO ? GRAD ?41
Y12.RD~e61INl.R1 ,VI*-2,-1IGRAD 80O

I *O61NlN1-IN1W1~..RD*2 GRAD 81
V 1224RD~iIR TIO$-& eN. I-VlIN-2 v-1 I GRAD 62

-4.@(V1~-1M.I-V2M-1N-1bI..O*lD1V22GRAD 63
Y1IeRDlSISIRlR1 IV34-i,-1IGRAD 64

-4.*4VIN-,N*I-Y6W-,*-UI..00T01V~lGRAD IS
U~l~RDUtUIN-lN.I-UIN-l~-1GRAD 66

-4.UUIN-1N*1-UIM-,N-11..D*JDIZ1GRAD 81
UII2R~l*6U6N2N*1I-US~i*1IGRAD 66

-4*0*4Il(N-19N.1)-UZIN-1.N-11)I,3.*0RITD1*UZ GRAD 69
UI1lefRDII'EUDU N-iN.1 .U34N-2.N-1I GRAD 90

-4.@*EU3IN-1,R$1I-u3EN-1.W-1II),3.D*RTDIWJZ3 GRAD 91
BOYS ? GRAD 92

S V1a-T~lEV1N.W2I-.0~lI.~.ee3@*Y6NIIGRAD 93
Yli.-RTD2i*VitNN*2i-4.0114R,9N.1U.3.0*V2iIN.WI GRAD 94
Vale-RTD2*6V36NNW21-4.*OV3INN.11I.3*0'Y36NIwls GRAD 9S
U21.-RT02a.IUINN.21-4.0.U1INN.1I.3.0.U16MNlIn GRAD 96

UiiRTD*62(NN~)-4OUUN,,1.3.SUEN,~bGRAD ,
323RTDSEUINSZI*.OJIIN.1,lO*UIW 9 )UGRAD 96
i~uO~i6Z.*VaNN-5.16N~s1,,.oV1wNau-a...s~ GRAD 99

YZ2RDZ*I2@*YIN,)-5O*VINM.1.4.*12N.N2I-14M103 I GRAD 100
V~iIRDZ*I20.VEN,)-5013NW1)..@S3INN41-YBNN311 GRAD 101
UZZIRDI*41OUINN-5.*U1NN~~tA0*U(NsZ)UIIN.)I RAD 102
U~i~RDUt2.*U2MN-5.U2(.N,)**0*t2(NN~i-UiNpN3~GRAD 103
U*2lRDZ*I209U(N,)-506U6N,114.O*SIMN~i-U3NN3)U GRAD 104

IF IN*%1sMM1 6OY0 7 GRAD 105
v~i1-RD2*I1(~i,~iI-.0eE1IN1,WlU.1INiN1)&RAD 106

-4.011N-1641 )-.Q*IENW113.ORYDOVI-RTi*V11GRAD 10?
V~iZRDI*EVIN-,16iI-.OSVZI-1..2UVZI-i,.11GRAD 106
I -.OYEW-,N11-9Oe~(WI)*.0*RYD*Y2-RT2*V21GRAD 109
Y12.-R12*V34i.~I-40436N1,M2).3EW2,W1IGRAD 110
1 -40*V6N-,M.1)-.0Y(N,6II3.OIRTI*V3-RD26131GRAD III
U~a.~-D12IU1m-ZP4.I-40.t~uN1,m2s.1INi~w1)GRAD 112

-4.0*Ul6N-19,N*Il-9.0SU1INNUI'3.06IRTDOqj21-RTS2*U1I GRAD 113
U~i.-R12SU26-b~)-40OI26U1,N2I.2(N2,Nl IGRAD 114

1 -4.@SUlUN-1,M.1) )-9.OOeUiNNI I*3.006RTD1SJ22-RTD20J12I GRAD 115
U12i~b-RDI2*6U3102N-bR.Z-4.*.OSU31*-1,.2,~u31-2,N$1 GRAD 116
I -4.0*U3tN-1.N~1) I-9.06I31NN))93.O*6RTD1OU23-RT02UU313 GRAD I17
0010 ? GRAD 116

6 Oil= RT02eIV14M.M-21-4.00Vt1ElNN1I.3.o*y14Ntt4U GRAD 119
Wile RT0204 V 24 -2 - 4. 00 Y26IN 9 #- II *3% 0 V2 M, NI I GRAD 120



V23- T243W~-I40Y~,41.~S3WN GRAD 121
UaI. RTD2SIU1INN-2)-4.*OU1(N~tN-1R43.O*U1(MNl) GRAD 122
U22- ftTO2*4U2fMN-!)-4.0SU2tNN~t-l)43.O*U2IMN)I GRAD 123
U23m RTD2*IU3(NN-2)-4.0*U34NN-1)43.0*U3tM9N)I GRAfl 124

yaa~RDZ.~2O*Y(Wb-5Oy1N,~-1b4.OY1(,N--y1NN3)~ GRAD 12S
Y222.RD22*IZ.*OY2IMN)-5.0SY2~NN-1),*4O*Y24M.N-2)-Y2(N.N-3)) GRAD 126
V23R2*~OV1*)SOYtt-14OY4*-)Y(*-) GRAD 12?
U2lR2020UIs)SOUI*N1***IMN2-IM.-1 GRAD 129
U222.RD22*t2e0SU2EMN)-5.*OU2(MN-1)*4.*OU2(MN-2)-U2(MN-3)I CRAD 129
U2J3uRD2Z*(2.*OU3(MN)-5.0*U3(NN-1).4.O*U3(N.N-2)-U3(Mvt4-3)I GRAD 130
IF (MoNEoNO) GOTO ? GRAD 131
Y121a RD12*IYlIM-ZN-21-4.0*IY1IM-1,pN-2).Yl(N-2,N-1) GRAD 132
I -4.O*YlIN-1,t4-1) )-9.0*YlIMN))+3.O*IRTD1*Y214RTD2*YllI GRAD 133

Y122m RD12*(V2(M-2,N-21-4.0*IY2IN-1,N-2)+Y2CN-2,N-1) GRAD 134
1 -4.*0Y2tM-1,N-1i)-9.0*Y2(MNNl*3e0*tRTD1*Y224RXTD2*YlZ) GRAD 135

Y123m R012*(Y3tN-2,N-2)-4*.*(Y3(MN19N-2)4Y3(M-2,N-11 GRAD 136
1 -4.0SY3IN-1,N-1Ii-9.*OY3(MN))63.*0*RTD1*Y23*RTD2*Yl3) GRAD 137

Ul2lu RD12*(UX(N-2,N-2)-4.*OIUI(N-1,tN-2)4UIIM-ZN-1) GRAD 136
1 -4.0*U1(M-l*N-1 )-9.0*U1(MNfl)*3.0*IRTD1~tJ214RTD2OU11) GRAD 139

U122m R02(2M2N2-o*U2NlN2+2M2N1 GRAD 140
I -4.D*U2(N-1,N-1) )-9.0*U2(NN))43.0*(RTDI*U)224RTD2*Ul2) GRAD 141

U1236 RD120IU3(M-2,N-2)-4.*0IU3IM-1,t4-2)4U3tM-2,N-1) GRAD 142
I -4e0*U3IM-1,N-1))-9.0*U31MN))+3.*(ORTDl*U23*RTD2*U13) GRAD 143

? RETURN GRAD 144
END GRAD 145
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SUBROUTINE STRESS(MDvNOKODl**
C CONSTITUTIVE RELATION--LINEARLY ELASTIC, OR ELASTIC-f-PERFECTLY STRE 2

C PLASTIC OR -STRAIN HARDENING)* OPTIONAL STRAIN RATE DEPENDENCE STRE 3
COMMON(USE MAIN) STRE 4

9NMDSIRE 5
J D STRE 6

KzKO STRE 7
3S110-.O STP.E 8
S$12-ý.0. STRE 9
SS.21-0.0 SIRE LO
SS22mb0.O STRE 11
L MNK sO STRE 12
KN=(K-1 )*NSFL STRE 13

ZETAK%2.O*1ETA (I( STRE 14IG11 =AL1-ZETAK*B11 STRE 15
G12 -AL2-ZETAK*512 STRE 16
G22 aA22-ZETAK*022 STRE 17
OG=Gi 1eG22-GI2**2 STRE 18
SRG-SQRT( 06) STRE 19
RG=1.0/OG STRE 20
GRIL -RG * G22 STRE 21
GR12z--RG*G12 STRE 22
GR22 zRG * GII STRE 23
DEPSII = GR11*DEPSIIK) + GRI2*DGAMMA(K) STRE 24
DEPS12 zGRIZ*OEPSZ(K) + GRII*')GAMMAIKI STRE 25
DEPS21 = GR12*DEPSIIK) + GR22*OGAMMA(K) STRE 26
DEPS22 = '"R22*DEPS21K) + GR12*DGAMMAtK) STRE 27
051611 'RAT*(DEPSII + FNU*DEPS221 STRF: 28
DSIG1c ;TWO*DEPS12 STRE 29
DSIG21 GTWO*OEPS21 STRE X(,
DS1G22 =PRAT*EDEPS22 + FNU*DEPSII) STRE 31
1Ff ISR.GT.O)EPSDOT=SQRTIDEPS11*(DEPSI1-DEPSZ2).DEPS22**2 STRE 32

1+3o0*DEPSI2*OEPS2I) /DELTAT STRE 33
00 3 J-19NSFL STRE 34
KJ~io.J STRE 35
SIGjilzGl 1*SIGlIMN.K.J)tGl2*TAUIMNtKJ' STRE 36
S 1G121=t.2*SIGIfMN,~KJ),G22*TMJIMNKJI STRE 37
SIGZII.Gl2*SIGZIMNKJ)+G11*TAU(MNKJ) STRE 38
S1G2213G22*SIG2fM,NKJ)+G12*TAUIMNPh(J) STRE 39
SIGYSQ=SIGZSQIJ) STRE 4.0
IFfISR.GT.O)$IGYSQ-SIGYSQ*fl.0,IEPSDOT/DSRIJ))**PSR(J))**2 STRE 41
1=1 S1RE 42
LC1l STRE 4.3
SIGX1L-SIG1III*SIG11 STRE 44

S.1G21L-SIG211*DS1G21 ST.AE 46

SIT2.eLSIG22I.0SIG22 STF.E 47
1Ff I4SR.LT.UIGOTO 2 STX&F 48
,>HfT*SIGIIL*ISIG11L-SIG22L),SIG22L**2+3.O*SIG12L*SIG21L-SIGYSQ vlotE 49I IFPHIT.LE.0OlOITO 2 4TRE 50
L.1NTIYLDFAC*(SORTffPý'lT+SIGYSQI/SIGYSQ)-l.0))41 STRE 51

100 SIG11=StGI1I STRE 52
SIG12-SIG121 STRE 53I I121=S16211 STRE 54
SIC22-SIG221 STRE 55
IFILsEQ,.l)GOTO 3 STRE 56
L!'=1 STRE 57
FLOATL=1.O/FLOATE LI STRE 58
DSG11L DSIGII*FLOATL STRE 59
DSG12L DSIGIZ*FLOATL STRE 60
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DSG21L a OSIG21*FLOATL STRE 61
DSG22L a 0S1G22*FLOATL STRE 62

101 516111. SIGll.DSGIIL SIRE 63
S16121- SIG12+DSGI2 L SIRE 64
51G21Lw SIG21+DSG21L SIRE 65
516221- SIG22+OSG22L SIRE 66
PI4ITmSIG11L*(SIGIlL-SIG2?LISIGZ2L*.Z+3.0*SIGlZL*SIGZ1L-S IGYSQ STRE 67
IFIPHIT .61. 0.OIGOTO 3 SIRE 68

ELASTIC SIRE 69
2SIGII - SIGIIL STRE 70
S1G12 - SIG12L SIRE 71
SIG22 - SIG22L STRE 73
GO TO09 STRE 74

C PLASTIC SIRE 75
3 SIGIIO - 12.0-FNU)*SlG1I-I1.O-2.O*Ft4U)*S1G22 SIRE 16
SIG12O a 3.O*(1.O-FNUIOS1G12 STRE 77
S1G210 - 3.0011.O-FNtJ)*SIG21 SIRE 78
SIG220 - (2.O-FNU)*S1G22-I1.0-2.0*FNU)*SIG1I SIRE 79
LAA SIG1IO**2-SIG1ID*SIG2ZD4SIGZ2D**2+3.0'51G120*SIG2IO SIRE 80
8 -1SIG11L*(Z.0*SIG11D-SIG22D)+SIG22L*42.0*SIG22D-SIG110),5.0*(SSTRE 81
lIG12L*S1G210+SIG21L*SIG12D)1 SIRE 82
OU8**2-6.*AA*PHI I SIRE 83
IF(L .GT* LMNK) LMNK-L SIRE 84
IF(AA16916*4 SIRE 05

a WRITE16910) SIRE 06
10 FORMAT41.H 94X914HAA NEGATIVE AT) SIRE 67

GOTO 12 SIRE 688
4 IF(D .1T. 0.0 *OR. 8 *GT. 0.0)GOTO 16 SIRE Wv

TAM8DAf-6--SQRTIO)) If .*AA) SIRE 90
51611 - SIGIIL-TAMBOA*SIGIID SIRE 91
SIGI? a SIG12L-TAMBDA*SIG12O SIRE 92
SIG21 - '!G21L-TAMBDA*SIG210 SIRE 93
SIG22 a SIG22L-TAMBOASSIG22D SIRE 94

9 LC=LC.1 SIRE 95
IF (LC-L) I0It1019,102 SIRE 96

16 L*L*1 SIRE 97
IFIL-100) 100,100,103 SIRE 98

103 WRITE(691041 SIRE 99
104 FORMAT( 1H 94X,36HSTRESS CALCULATION UNSATISFACTORY AT) SIRE 100
12 WRITE(69105)NCYCLE*MvNvKwLLC SIRE 1O1

105 i;ORMATIIH v9Xv9HTIIE STEP,14,5X,2HM-,I2,5X,2HNu,12,5X,2HK.,1Z,,X,2STRE .02
IHL-, 13, 5X,3HLC-, 13) SIRE 103
WRITE(691O6) EPSLI(MN),EPSL2(MN),GAMMAL(MN),EPSUI(M,N), SIRE 104

IEPSU2(M,N),GAMMAU(M,N),OEPSI(K),DEPS2IKIDGAMMAIK), SIRE 105
2 SIGliMNKJ),SIG2IMNKJbITAUiMNKJ),051GII, SIRE 106
2D5 IG12,0S1G21,DSlG22,SIGL1,SIG12,S1G21,SIG22,SIG11LSIG12LSIG21LSTRE 107
3SIG2ZLSIGllD,5IG120, 51G210,S1G220,AAB,PiiIT SIRE 108

106 FORNAT(IN 9,VXt7NEPSLI =ElS.893ý,7HEPSL.2 *E15.893X,8HGAMNAL wEI5.8*STRE 109
1/1H 99Xv7HEPSUl sE15.8,3X97hEPSU2 zE15*8,3X98HGAMNAU rE15.89 SIRE 110
I /1H v9X,7IIDEPSI -tE15.893Xv7HDEPSZ -,E15.8,3X,7HOGAMMA-,E15.8/IZSTRE III
2H4 g9X9?HSIGI xE15.81,3X97HSIG2 *,El5.8,3X,7HTAU sE15.09/IH 99STRE 112
3X,7H051G11-,E15.8,3X,7HO5IGl2=,El5.8,3X,7HDS1G21uE15.8,3X,7IqDSIG2STRE 113
42atElS.8,IIH 99X,7HSIGII -,E15.8#-jXgTHSIG12 u*E15.893XvHSIG21 -,ESIRE 114
515.8, 3X,7HS1G22 =#E15.89/IH l,9X,7HS1G111-,t15.8,3XTHSiGl2L-,E15.SSTRE 115
6, 3X,7HS1G21L'KEl5.8,3X,7HS1S22LzE15.8,/lH ,9Xv7HSIG11D0vE15.O 3XSlRE 116
77HS1G120-,E15.8t3X,7HSIG21O=,E15. 8,3X,7HSIG22D=,E15.0,11H ,9Xv7HAASTRE ll1'
8 sE15.8,3X,7H8 =,E15.6,3X,7HPHIT -,E15.B) SIRE 118
NC3DP(NN3Dl=NCYCLE SIRE 119
CALL POATA 42) SIRE 120
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CALL PDATA (3) SIRE 121
CALL POATA (4) STRE 122

FCALL EXIT STRE 123
102 SSI1uSSI1fSIGUl*WTfJI SIRE 124

SS120S%12*SIG12*WI(Jl SIRE 125
SS21ftSS21#SIG21*WTWJ STRE 126
SS22a5S22*SIG22*WT(J) STRE 127
SIGIINeNKJIaOGRI1*S1611*GR12*SIG12 SIRE 128
SIG2(N.N,%KJ)*GR2Z*SIG22*GR12*SIG2t STRE 129
TAU 4MN#A~dJ)=GR12*S1G22#GRI1sSIG21 SIRE 130

603 CONTINUE SIRE 131
IFIN *EQ* I *OR. 4 .EQ. N41)SRG0O.5"^RG SIRE 132
IFIN .EQ. I .OR* 4 *EQ. NI)SRG-O.5SwSRG SIRE 133
SFrRENaSTREN,4(SS11,SS22I**2-(11.FNU)*Z.*(SSII*SS22-SS12*SS21))*SRGSTRE 13%
SSlMNNIK wGRaI*SSI 14G412*SS12 SIRE 13S
SS2,mIKl)GR22*SSZ2GR 12*SS21 STAE 136
SINWI 0K)-GA-12*SS2Z.GR1 l#SS21 SIRE 137
LMATdNVNVKI LOINK SIRE 138
RETIURN STRE 139
END STRE 140
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__________SUBROUTINE_ - * E**S .-... w..w(-..ufr,, ' r'')

-. COMMON IUSt MAIN) RESU 2I: THE CALCULATION OF THE STRESS AND MOM4ENT RESULTANTS FOLLOW RESU 3

N-NO SEU

SUMAIll SS1MN(I) RS
SUMA22 = S52MN111 8EU
SUMA12 = STMNI1)RES 9
SUMBII = SSIMN(1D*ZETA(1)REst 10
SUMB22 = SS2MNII)*ZETA(1) REU11
SUMB12 = STMN(1)*1ETA~lIES 12
SUMCI1 = SSIMNI1)*lETASOI1I RESU 13
SUMCZ2 = SS2MNII)*LETASQE1) RESU 14
SUMC12 aSTYNCL)OZETASOI1I RESU 15
IFILAYER *EQ. 1)GOTO 5 RESU 16
00 4 Ka2&LAY(R RESU 17
SUMAII a SUMAlI + SSIMNIK) RESU 18
SUMAZZ SUMA22 + SS2MNIK) RESU 19
SUMA12 = SUMAI2 + STMNIK) RESU 20
SUMBLI a SUMBIL + SSIMN(K)*lETAIK) RESU 21
SUMBZ22 SUMB22 + SS2MN(K)*ZETAIK) RESU 22
SUMB12 = SUMBIZ * STMNEK)*ZETAIK) RESU 23
SUMC1II SUMCII + SSIMNIK)*ZETASQIKI RESU 24
SIJMC22 a SUMC22 + SS2MNIK)*ZETASQIK) RESU 25

4 SUMC12 w SUMC12 + STMNIKI*ZETASQIKI RESt) 26
5 CONTINUE RESU 27

01 1uSUMALI-BT*SUMBI1 RESU 28
022xSUMA22-ST*5UM822 RESt) 29
O l2USUMAI2-BT*SUMBI2 RESU 30
FI1S$UMBII-IBT*BM11)SSUMC1I-8MI2SSUMC12 RESU 31
F22-SUMB22-t BT+8M22)*SUMC22-BM2ISSUMCIZ RESU 32
FI2zSUMBI2-t.5*OBT*SUMCI2-0.5018M21*SUMC1I+BMI2*SUMCZ2) RESU 33

IFUIBCE4 .NE. 3)GOTO 1 RESU 34
IFIN *NE. I)GOTO I RESU. 35I
FZ?aO.O RESU 36

1 IF(IBCE2 .NE. 3)GOTO 2 EU3
IFIN .NE. NN)GOTO 2 RESU 38
F22-0.0 RESU 39

2 !FIIBCE3 .NE. 3)GOTO 3 RESU 40
IFIM .NEa MMIGOTO 3 RESU 41
F 11=0.0 RESt) 42

3 CSMlkCS1IIS*FKLC5122*F22+2.OSCS1I2*F12 RESU 43
CSM2uCS2I1*F 114CS222*F22+2.O*CSZ212FI2 RESU 44
FNTI1=Q11*Y11+O12*Y21+CSM1*SN1IMN) RESU 45
FNT12=011SY12+012*Y22*CSM1*SN2 IM#NI RESU 46
FNTI3=O 11*Y13.012*Y23.CSMI*SN3IMNI RESt) 47
FNT2I=012*Y11tg22*Y2I4CSM2*SNI IMNI RESI 48
FNT22=Q 12YtY2+Q22*Y22.CSM2*SN2 IMN) RESOU 49
FNT23Q012*Y13#022*Y23*CSM2*5N3 IMN) RESU 50
FMIIIM.N) a TB$FLI RESA) 51
FMZ2EMN) a TB*F22 RESt) 52
FM12IMN) a TB*F12 RESt) 53
FNIJIIN) x TB*FNTII RESt) 54
FN2IIMN) a TB*FNT21 RESt) 55
FN13IMN) a TB*FNTI3 RESt) 56
FN12fMvNJ TB*FNTI2 RESt) S7
rN22IMN) aTB*FNTZ2 RESt) 58
FN23IMN) x TB*FNT23 RESt) 59
RETURN RESt) 60



END RESU 61
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SUBROUTINE MOTION *** I
COMMONIUSE MAIN) MOT[ 2

C NOT[ 3
VFIZO.O MOT[ 4
VF2-O.O MOT[ 5
VF3z0.0 Mori 6
IFILOADI 10.30910 MoTi 7

10 ENSm.O0 MoTi 8
CALL PWORK Mori 9

Mori 10
F30 DO 130 Mu29MS MoTi 11

00 130 Nu2*NS MoTi 12
VM~aRDII*(FMIIIM+1,N)*SNIIM)1,N)-2.0*FN11 (MN)*SNI(MNIN MoTi 13
1 *FMII(M-1,.N)*SN11M-1.N)). TRDO *IFM12(M*19N+1)*SN1 MoTi 14
2 4M.1,N+1)-FMIZ(M.1,N-1)*SN1I(M.1N-11-FIq12(M-L ,N41)*SNItM-1,NG1M0TI 15
3 ).FM12IM-1,N-1)*SNl(N4-11,N-13 ),R022*(FM22(MN.13*SN1IM,N.1) MoTi 16
4 -2.0*FM22(MN)*SNI(MN),FM22(MN,N1)*FP1IMN-1)I MOTI 17

VM~RD1*IFI~M,1N)*N .+I1 -2.OeFM11(N,NI*SN2(NýN)+FM11EM-1,NMOI 1 18
1 )*SNZI(FM-1.NflN*S. NR F2(q1N1SNIN1)M24+N- TI 1

2 )*SN2(N*I,N-11-FM12ýr. *N+1)'SN2EM-l1,N.1).FM12(M-1,N-1) *SN21MMOTI 20
3 -IN-11) )R022*(FN22(NN41I)*SNZIMN41)-2.O*FM22(MN)*SN2EMN,,FMOTI 21
4 M22(MtN-1)*SN2IM,N-1)) MOT[ 22
VM3aR011*1FMII(M*1,N)*SN3(M+19N)-2.0*FM11 fMN)*SN3(MN)*FMI1IM-INMOTI 23
I )*SN3IM-1,N)3. TRO *IFM12IN.1,N41)*SN3(M,1,N,1)-FN12(M41,N-MOTI 24
2 1 )*SN3IM*1,N- 1)-FM12IM-1,N*12*SN3(M-1,Ne1)+FM12(M-1,N-1)*SN3 MoTi 25
3 EM-1,N-1) )+RD22*IFM22qM,N1I)*SN3iMN,1)-2.0*FM22IMN)*SN3(M,N) MoT! 26
4 *FM22fNN-1)*SN3IM9N-I)) Mori 27
VN13RTDI*(FN11IM*1,N)-FNI1(M-1,Nfl*RTO2*tFN21UMN*1)-FN21(NN-1)I Mori 28
VN2uRTDl*(FN12IM41,N)-FN12(M--I.N))*RTD)2*4FN22(MN+1)-FN22EMN-1)'I MoTi 29
VN3uRTDI*(FN13EM.1,N)-FN13(M-1,N) )GRTD2*EFN23EMN.1)-FN23(MN-1)) 640TI 30
IFILOAD) 40,50,40 MOTI 31

40 VFI=-SNLiMN)*PfMpNl MoT! 32
VF2=-SN2(MvN)*PtMvN) NOT[ 33
VF 3a-SN3(MvNI*PEMoN) MOTI 34

c Mori 35
50 UIRwU1(M0N) Mori 36

U2RuU2( M*N) Nori 37
U3RvU3(MtN) Mori 3Ui
UIS=UlR*( VMI+VNIdVFI)*TEMPIMgN) Mori 39
U2S*U2R*E VM2+VN2+VF2) 'TEMPIMNI MOT[ 40
U3SmU3R+(VM3.VN3+VF3) *TEMPIMPN) MoTi 41
IF(TDAMP .EQ* 0.0)6010 115 NOT[ 42

C VISCOUS DAMPING Cl Mori 43
UlSaUIS-(UIS*U1R)*Cl Mori 44
U2SuU2S-E U2S*U2R)*Cl Nori 45
U3SmU3S-(U3S*U3R ) *CI NoTi 46

115 UI(MvN)-UIS NoTi 47
U2(MPN)=U2S MoTi 48
U3lM,.N )U3S Mori 49

130 CONTINUE MoT! so
rCALL BOUNDU Mori 51

CALL !'ENNET Moil 52
IFILOAD) 65,75,65 MoTi 53

65 CALL PkJORK MOT[ 54
EN*O.S*CA*I ENS.ENRI MoTi 55
ENRzENS MoT! 56
IF(IBCE2 *NE. 2)6010 74 Nori S7
EN=2.O*EN NoTi 58

74 TNRGOTNRG+EN NoT! 59
75 PLAST=TNRG-CINET-STREN-TDAMP MoTE 60 *



C NOTE 1 6
IFIN4CYCLE eOE-. NCYCHtNNNI) SOTO 140 MoTi 42
WRITOI46999911 NCYCLBTINEtCINETSTRENPLAST~rNRG Mori 43
NNNUMNNN1 NoTi 644

140 RETURN NoTi 45

99991 FORA4ATf//IOH TINE STEP* I 53X*SHTINEU.E16.S.93X9BNKII4ET IC,9ElGS,3KMOT 1 47
ISNELASTICvE15S,83X.SNPLASTICtEIS.S/14H TOTAL ENERG:'uEIS.6I MoTi 63
END Mori 69
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SUBROUTINE WRrAPE IKEY) **
c WRITE + READ CONTLNVATION RUN (APE IKEYui, WRITE KEYw2v READ) WRTA 2

COMMON(USE MAIN) WRiA 3
GOTOI 10,ZO),KEY WRTA 4

10 WRITECI) NCYCLETZNEoCINESCINEP.TP4RGTDAMP,DiDZD3tENft WRTA .5
WRITEIL) ((UI(M,N).U2(M.N),U3(M.N)?Y1(MN).Y2(M.N)vY5(40NN) WArA 6
IEPSL1(MN),EPSL2IM,%).GANNAL(M.N).EPSU1(NN),EPSU2(MhN), WRTA 1
2GAMXAUfMN)#PIM*NINaI.NN1 *Mutfthoq WRTA a
WRIrE(I.) U(4SIG1IMNK),SIG2(Ph.NK),-TAUIMDN.K), WRTA 9

WORIEWIN WRA 1

R'IEAD 1) (6U1N,).UIN), U3(M(N)),Y24 1(M,~N),Y2S(MN),Y3A(MN)#SN WRTA 19
1EPS6IN1ECiN),EPSl2(MN),AALNNPi(N)ES2tN, WRTA 20

2c !RTA 1
20REAID 11 I SG1NNSI2MNKTA(N,, WRTA 12

READ (11 4SN1(NN).SN21:N),SN3(M*~oI(*NTE Y2(MiN,N,NN)*YSiN)o WRTA 19
IEAD 1kM*) IGIL2(MNbGIZ2IN),IiMhI),PSA(N).SAN),CPSA(lN),A8() WRTA 25
IBSMMUIN ,o8N),PMN-1,NolTN)t~ltm WRTA 26
READ C1) E.NE.NC0~NTGw~TO 25 MNKAI,*l WRTA 22
WR=ITEI6,200)NCYlET!"*ME1 WRTA 23

RETUR)N IING2()G144,AAN*S(~CS~4vSBNi WRTA 25
C 5BNvSf~~IHTN WRTA 30

IuG FORMATI//24H TAPE I WRITTEN, NCYCL2*Ik%,7H TtMEsE15.BI WRTA 31
200 FORMAT(//39HIINFORMATION READ FROM Ti-PE I FOR CYCLE1497H TIN2-EI5WRTA 32

lea) WRTA 33
END WRTA 34
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C RN VAN NINROR OUTER SURFACE STRA 3
C STIRA 4.

DIMENSIONS EPSANG161,EPSAN@161 STRA 5
COMMON tUSE MAIN) STRA 6
DATA Pl/3a1415926535S9?93/ STRA I
IFINCYCLE .GT. OIGOTO 25 STRA 0
C ---~----- - -- INITIAL ENTRY-----------------SR 9

DO0 20 Iln.NSTRN STRA 10

AIl*OS21401)*fN2II)*A1131)11DNI~I3*A112115) STRA 11
I ZON2III)*(O#4211*AtiZII40N11kil)*A1221111 STRA 13

I *0N1I1)V#(Dt424)*A123I1)*0N4il)*A1Z441III STRA 14
1ý2aDN2I1)*ION24I)*A221II)*0N).lI)*A222(lI) STRA 15
I *0N141l)*40N211)*vA22311).ONlII)*A224411) STRA 16

1 4DN2(1*(I)1N261)*lllll(ll4DN1III)*61124I)) STRA 17

512.0M2111*10142(1)*512111)4DNIU)*OB122t1)I STRA 19
L *DNI(1)*1DN2U)$*8tZ31I.O1)*SNIII324I11) STRA 20
S2ý.-uN2II1I*N1D t.2*)S214tI.DNIl15*S222II)I STRA 21
I *0N111)*ION2Z1fl*52Z311)eODPEItl)*SI22411)) STRA 22
ItctNETAGII)*EQ*1)6OTO 10 STRA 23

G bf Al1-2*.0HO1*11 STRA 24
G12 a A12-2.0*HOSA? STRA 2S
022 w A22-2.0*H*22 STRA 26
0070 15 STRA 27

10 01 u A11,2oO*H*BI1 STRA 28
G12 a A1242.O*H*612 STRA 29
G22 6 A2242*9*H*S22 STRA 30

IS G11161)M1.0/6l1 STRA 31
61221 1)u1.0/G22 STRA 32
GRaSORIIG1111t I*G122 11) STRA 33
OELTAwG12*GR STRA 34
01121 I1w2.O*GiR STRA 35
S90ELw1.O/SQRT( ).0-DeLTA**ZI STRA 36
ANGELwAKGLEfl)*P~lllO.0 STRA 37
SAsSROEI'.*SINI ANGEL) STRA 38
S~mCOS( ANGEL )-OEL TA*SA STRA 39
ASAflI)m2d.O*SAO*2 STRA 40
SSAI I)a?.O*S&4*2 STRA 41i
CSAII)-2.O*SA*S5 STRA 42
ACfL=AlNGLOlI )*PI/ltO.0 STRA 43

S&SRE~SNANGEL I STRA 44
SS-COS(,AW.GEL I- DELTAOSA STRA 4S
AS9hw2I *S** STRA 46
55811 12AO0S11*42 STRA 47
CSB(l)u2.0*SA*SS STRA 48

20 CONT!NUE STRA 49
GOTO ?I. STRA S0

C -- ---------------------------------- '---- --- "---m-STRA 51
25 L INKb1 STRA 52

C CHECK FOR SURFACE StRAIN PR~INT STRA 53
IFINCYCLE-NPRINT) 4030,*30 STRA 54

30 NPR INTuNPR INT+NDELO STRA 55
LINt&be STRA 56

40 00 46 Iw1,NSTRN STRA 57
11*11(11STRA 58I J1NII 1)STRA 59

12*MI2(Ii STRA 60



JZaNIZI ) STRA 41
IF(NETAGII) *Eg* I) GOTO 44 STRA 62
EPSRI a(0M2( i I*DNZII )*EPSUlII1,J1I.DN1II I'EPSUtII1,JI)1 STRA 43
I *DNI( I)*tDN2(1)*EPSU1(I2.J1)4DN11I)*EPSUltI2,J2))$*GI11tI) STRA 44
EPSR2 a1D#42(1)*tDN2(1)*EPSU2tllJ1)4ONl(lI*EPSU2Ill,9J2)) STRA 45
I *DM1I)(DltN2(1I*EPSIJ2(2IJIZJ)4NIUX)*EPSU2(12,J2)1)6I2211) STRA 66
GAMMAR a(DN2(1)*IDN241)*GAMMAU(I1,Jl)+DNj(I)*GANNAUII1,J2)I STRA 47
I ,0M1I).llDN2II)*GANMAUtI2,Jl).0Nl(11*GAMqNAUII~bJ2)))*GI12II)STRA 68
GOTO 4S STRA 69

44 EPSRI -(DM2III*l0N2(1)*EPSL~tIl.JtIDN1(hý*EPSLlII1,J2)) STRA ?0
I *OMII 1)*IDN2II )*EPSLItt2,Jl)+0DN1(1)*EPSLl(12,J21 I)*G11141) STRA 71
EPSR2 -tDM2I1t)IDN24II*EPSL2(I11J1),ONltI?*EPSL2Il.lJ2)I STRA ?2
I *0M11 I')*DN2II)*EPSLZIZZJ1).ONIII)*EPSL2IIZJ2)))*G12211) STRA 73
GAMMAR aION2II)0I0N2(1)*GANMALtI1,Jk)*ON1EI)*GAMMALtI1,J2)) STRA 74
I. *0M141)*IDN2(1)*GAMMAL(12,J1)+0N1(Il)GANMALII2VJ2) )*G11211 ISTRA 75

46 COTINUESTRA S7

c CPSS1I Er OFVCO ISLCMN STRA 8
DI&D+IQ2*(N2*I(M19NI)*QI*UINQ9NQI) TRA82

I QMt*(QN2*U3EMQ2.NQ1I.0N1*U3IMQ2,NQ2))) STRA 8?
GOTO IllipSOILINK STACS

so 50RITEf66,01 NCYCLE9TIME STA69
00 70 ImlNSTRN STA90
ALFN%,SHINNER STA91
IF(NETAG(I)*E~ol)GOTO 67 TR 92
AL FN#RSHUTER STA93

67 WRITE(6,651 ETAG1IIbIETAG2I1)hPN(tIPNIIIALFNEPSS1II),vEPSSRII). STRA 94
IANGLE I ).EPSANG( I )AP4GLBI I ,EPSANBlI) STRA 95

70 CONTINUE STRA 96
71 RETURN STRA 97

C STRA 98
60 FORMAT(//.OH TIME STEPI5,3XPSHTINEuE16.SI/14X,1SHSURFACE STRAINSSTRA 99

1,3TXil9HSVftAlN GAGE REAOING//2X94HETAI 94X94HETA2s,6X9 1HM9?X9 INN* 5KSTRA 100
24HFACEv8Xv.7HkNGLE 0,IOE,8HANGLE 9096X95HANGLE91SXSNANGLE/I STRA 101

85 FORMAT( 11 ,PI.3,1XF7.3,2XPF?.3,1XF7.3,ZX.AS,1X,212XElS.8)i. STRA 102
12(2XvF6a2qXvEl5o8) I STRA 103
END STRA 104
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SUBROUTINE SOUN0U I**
C C0O4PUTAVION OF UIUZU3 AT THE BOUNDARY NOUN 2

COMMON IUSE MAIN) BOON 3
IFIISCE4* EQ. 31GOTO 121 BOOUN
00 120 ma2,MSS NOUN' 6
DUSN*(UIIN,2I-0.25*U1(Ms3l) *SNIIM,91) SOWN 6

I *1u2(Wv2)-0.*SSU2(Mt3))*SN2(M,1I BOON ?
2 *IU34M,3)-O.25OU3IM,3)I*SN3IM1)1 BUON a
U1(M*21mU1If~v21-SNI(Mv11*DUSN BOON 9
U2fM, 2 IU2lMt2 )-SNZIN,1)*DUSN SOON IQ.

120 U34Mb2)U3IM*2?-SN3(M9I)SDUSN NOUN It
121 IF(lGCE2 *NE* 11GOTO 123 BOUN 12

DO 122 M=2,MS1 BOON 13
DUSN.IUI(MMNS)-0.25*UIImMR)I*SM1EM.MM) NOUN 1*
I *IU2(MMS)-0.2S*U2IM,*NA))*SN2fN,"NN NOUN 15
2 *IU3IM.NSI-062S*u31MN)w)*SN3tM.WNI BOON 16
UIIMMNSIUU1IMMS)-SMII IM.N)*DUSN NOUN 17
U2IMMNS )NUZI4NMS)-SN2(M.M")eDUSN BOuN 18

122 U3fMNS)aU3(KMS)-SN3(4NNM)*DUSN NOUN 19
123 IFlIICE3 oME. 116070 50 NOUN 2C0

00 124 NmNBI,.NSZ BOON 21
DUSNWIlUlIMSMP-0.ZS*UIIMR.N) )SSMI(MMM) BOON 22
3I *IU2IMS.N)-0.25*U2IMRMHi*SMZN1eM)N NOUN 23
2 *(U3(MS.M)-O.25*U3EMRN))*SN3IMMM) BOON 24
UltNSN ).U1INSM)-SMIINm.N)*DUSM BOON 2S
UZINSMIuL'2EMSN)-5N2 IMMIMIADUSN NOUN 26

124 U3INSNlsU31NSM)-SN3(MMMISDUSM BOUN 27
IFlIBCE* 9ME. I)GOTO 12S BOON 28
0USN41IUIMNS,2)-O.25*U1IMS,3))*SNIMISI) NOUM 29
I *IU2INSo.2)-0.25*U2IMS,3))*SN2gMS,13 NOUN 30
2 *(U3IMS.2)-0.2S*U3(M4S,131*SN3(NS,13 BOON 31
DUSNZ-iUl(MSZI-O.Z5S*UlMR,2flSSN1INMM2) NOUN 32
I *ItJ2IMSP,2)-0.25'U2IMR,2N)*SN2(NN,2) BOON 33
2 *(U3(MS.Z)-0.25*U3(MR,2)I*SN3IMM,921 BOUM 34
IJIImS,2).U1IMS,7Z)-0.SbISM1(MS,1)*DUSN1.SN1IMM,23*DU)SN2I SOON 35
U2tMIS,2)uU2INS.2)-O.50( SNZIMS,1)*OUSN1.SMZ (MM,2)*DUSN2) BOOIN 3e
u31MS.2)-U3IMS,2I-O.*SISN3(MS,1).DUSN+S1.N3tNM,2 )0DSN2) NOUN 37

125 IFfISCE2 NME* M3OTO 50 BOON 36
OuNmulsN)o2*lM*S)SI009S BOON 39
1 *IU2(M4S.NS)-0.2S*U24MRMS))*SN2I1MMMSI BOUN 40
2 *#U3(MS,.NS)-0.Z5*U3iMkNS))*SN3IMNNSI BOUN 41
DUSN1I=UI1MS..NS)-0.25'U14MSNRfl'OSN1(NS,MNN BOON 42
1 *IU2(MS,.NS)-0.25*1I2EMSNRI3*SN2IMSNN) NOUN 43
2 *1U3(MSNS)-0.250U3(MSNR))*SN3IMS.NM) BOUN 4*
U1IMSNS)UUlIMSNS)-0.5*(SNIIMSNN)*DUSNI4.SNI(NMNS;*DUSP12) NOUN 45
U2(MS,NS)-U2(MS.NS3-O.5*(SN2(MSNNI*OUSNI.SN2IMMNS)*DUSN2) NOUN 46
U34MSMS)-U3ENSMSI-0.5*(SM31MSNr1)*DUSN1,SN3I"MMNS )ODUSN2I NOUN 47

C SET SYMMETRY BOUNDARY CONDITIONS FOR EOGEI.EDGE2,EDGE3 BOON 48
S0 IF(IICE? *NE* 21GOTO 30 NOUN 49

00 25 M=2vM1 SOUN 50
UI(MNNIO MOR)BOUN 51

U2(M0NNla-U2(MvNR) BOON 52
U3IMMN)xkJ3(N*NR) BOON 53
U2(M0NSl*.0. BOON 54

25 CONTINUE NOUN 55
30 DO 5 Njm9NN NOUN S6

U3116N)a U239iN) BOON 60
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COMMON fUSa MAIM AGIN 2
DO 200 I1,IS"STRN AGIN4 3
Iff4bae"QM1EII OAMOO 446001QM1) 01. *ORO .MIZIII)11GOI@ 20S AGIN 4
IFIN619*MI21II sANO. IPSS0MeiliII .00. N*FQ9%I24I11)GOT@ 220 Ali" s
GOTO 200 AGIN 6

205 6MMN *[as 4I21II)G0I0 210 Ali" 7
£1116 I IAII AGIN a
*12161 mAak AlIM 9
A2214 I IeAlZ ASi.14 t0
6111141111l Ali"M 11
31216 .1:012 AGIN ~2
3221611 2 AGIIN 13

GOTO 290 A3GIN 14

512243 11112AGN 1
32224311.322 AGIIN 0
GOTO 200 AGIIM 21

220 1MMN .10. MI2411)GOTO 22S IMN 22
£1134 I3.A11 AGIIM 23
£1234 I -AI2 AGIIM 24
£2234 I l.A22 AGIIM 25
B1134 13.111 AGIIM 26
912341)=6.12 AGIIM 27
522341 l*I22 AIIM 28
GOTO 200 AGIIN 29

22S £11441 Il.AI AGIN 30
£12441 aI 3A AGINM 31
£2244 I 3A22 AGIIM 32
81114411 )wel AGIN 33
31241 5 -12 AGIIM 34
82244 11.3:22 AGIIM 35

200 CONTINUE AGIIM 36
RETURN AGIIM 3?
EMND AGIIM 38
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CONN"W luUi NAteD SYR T 2
00 10 16.1,16 SYIIT 3
Skit 1,Nlm-ShIl 3,9N) SYIST 4

SN4.6~ S16163,SO SYNT 5
S4116)N1161 SN16363. SYNT 6
Ph1t14194). P11113,16) SYIST ?
F042241,16)- P942243,1) SYNqT 8
P" 126 O 1W)-FN612(31 M SYNT 9

P1111,6) P6113.161 SYAT 10
P1616 1161P9611316)SYNT 11

FN 134 19N I --P143139H 16 SY14T 12
P16126 1,N)-FN94123,16 $VAlT 13
P162241,941. P162213,16) SYNT 14
F42131 1,6). P62313,41) SYNT is

t0 CONTINUE SYNT 16
IPOICE) Nf .11.ZGOTO 30 SY14T 17
00 20 Na'1.16 StilT 18
1161IlM161N--S1611R.16) StilT 19
5162(16144,16 S1621MR9N) SYMT 2C
$16I~N.1le $143104N11 SYPIT 21
FNI11N0096,a FON RAift1) SY04T 22
Mi22(N16,P). F14221MR9416 SYMT 23
P16111116,169-PM 1261616.1) SYMT 24
FNIIIN16,16u P1611(MRlf.6 SYNT 2S
P162II"MvN16 l-P162IfNR,1) SYNT 26
FM613fMM9N,6m-FN1313MRvN) SYNT 27
P1612IPW9N16 )-P112(16,16) SYNT 28
F%62210061-,6) P12241616,1) SYMT 29
F%163(M61v,1)u P1231161,161 SYMT 30

20 CON6TIN6UE SYMT 31
30 IFIIIICE2 .16, 1.ZGOTO SO SYMT 32

00*40 16*1,16 SYNT 33
SM61116e616) S161(NoMR1) SYNT 34
S424Z494410)-S942(PeNRI6 SYN4T 35
S41kohl,1i61 S143(NN161 SYMT 36
F01611616,161)a F14111MAR6f) SYNT 37
P1612116,1616)-F1612(16,161 SYNT 38
P122416.1616) F1622(il,1694 SYMT 39
P16110P,161)u FN61116NftR) SYNT 40
FN62161M,1NN6)m-PN2j116,1N1 SYMT 41
P1613(16,16)- F16134N6,1A) SYNT 42I
FNI2fM9N,11)m-P12lil16aN) SYNT 43
P1622116,161)n P1622116,16R) SYNT 44
P1623416,616)n--P123l,1H9f) SYNT 45

40 CONTINUE SYMT 46
50 RETURN1 SYNT 47

E160 SYNT 48
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SUOROUTINE I(INET *S
COMM4ON IUSE MAIN) KN

CINE-0.KINE 3
DO 20 14-2.MS KINE 3
CM. 1.0 KN
IF(M-EQ.2 -OR- 418CE3.EQ.2 AN.ME.SIMOsKINE 6DO 20 N-2.NS KN
CNmI.O KIME 7
IF(IBCE2 .EQ. 2 .AND. N *EQ. NSICN-05 KANE 920 CINElZCINET*IU1IMINI**2*U2(MN)*02+U3(M,N3.*2)/TZMPIMtN)*CM*CN KANE 10IFIISCEZ .NEe M)OTO 25 KINE 11CINEYw2.OsCINtT 

KINE 1225 CINER-CINES KANE 13C INES=CA*C IN-T KINE 14
CINET=O.5*ICINESCINER) 

KINE 15RE TURN 
IE1

EN CKINE 17
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SUBROUTINE PWORK **
COMMON lUSt MAIN) PWOR 2
DO 20 Mx2,MS PWOR 3
CMsI.0 PWOR 4
IfIM.EO.2 O0R. IIBCE3.EQ.2 .ANU. M.EQ.MSH)CMaO.5 PWOR 5
00 20 Nu2,NS PWOR 6
CN=1.O PWOR 7
IF(IICE2 .EQ. 2 *AND. N .EQ. NS)CNO.5 PWOR 6
OWnUIIMdl )'SN1 (MNI*U2IM.N)*SN2(MNI.U3lM.NI *SN3I Mdl) PWOR 9
ENSaENS-CMSCN*CWSPI MNI PWOR 10

20 CONTINUE PWOR 11
RETURN PWOR 12
ENC PWOR 13
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SUBROUTINE DAMP ***+ 1
COMMON IUSE MAIN) DAMP 2

C DAMP 3
c CHECK FOR START OF DAMPING DAMP 4

IFINCYCLE .LT. MOAMPIRETURN DAMP 5
DO 15 MoltM" DAMP 6
DO 15 NmINN DAMP 7
PiM*N 1OeO DAMP 8

15 CONTINUE DAMP 9
IFICINES-C INE) )20,20940 DAMP IC

20 TDAMP*TDAMP*CINET DAMP 11
IFICINET.CINEP .LE. DFACT*TDAMP)GOTO 50 DAMP 12
00 30 MuIMM OAMP 13
DO 30 N"1,NN DAMP 14
ULfIMN)uO.0 DAMP 15
U24MN)-O.O DAMP 1I
U3(MqN1-O.O DAMP 17

30 CONTINUE DAMP 18
CINEP-CINET DAMP 19
CINESI=CINER DAMP 2C
C INES-O.O DAMP 21
NCYCLE-NCYCLE *1 DAMP 22
TIME"TIME4DELTAT DAMP 23
CALL MOTION DAMP 24
IF(CINES .LE. CINESI)GOTO 39 DAMP 25

CALL DESTEP DAMP 26
39 CALL POATAM2) DAMP 27
40 TDAMP"TDAMP*C2*CINES DAMP 28
4!5 RETURN DAMP 29
50 WRITE(6,100) NCYCLE DAMP 30

MAXCNCYCLE DAMP 31
NC3DP(NN30)-NCYCLE DAMP 32
CALL POATA (2) DAKP 33
GOTO 45 DAMP 34

100 FORMAT(IHIOX,30HRUN SELtC-TERMINATED TIME STEPIS) DAMP 35
END DAMP 36
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SUBROUTINE DESTEP **
C CHANGE DELTA? DES I 2

CONNOR~ (USE MAIN) DEST 3A
DELTATUSQRT(CINESI/CINES)*DELTAT DEST 4A
OSQOL D-DEL SQ DEST 5A
C10LD-C1 DEST 6
BELSOoDEL TAT*02 DEST 7
C,'2-2. 0'DEL TATODA14PF /GANZ DEST 8
CI-CZ/l4.O.C2) DEST 9
DELRfOEL SQ /DSQOLO DEST 10
DfLSDELR0*Ie.-C~ll III1-CZL0lO DEST It
C INES*C IPES*DELSO*2/OELR DEST 12
CINE?-O.9*(CINES+CINERJ DEST 13
PLAST=TNRG-C INET-STREN-?DAMP DEST 14
OCP 10 Mw29Ml DES? 15
0O 10 NWIVN1 DEST 16
TEMPIM,NlwDELRSTEMP(NN) DEST 17
U1'l,9N)aDELS*U1(M,,Nl DEST 1S
UZ 1$,9O I DEL S*U2114 A DEST 19
U3MNI-DELSOU3MMN) DEST 20

10 CONTINUE DEST 21
RETURN DEST 22
END DES? 23
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SUBROUrTINE POATAILINtK)1
D:NENSIO'. DAT1201 PoDr
CO"MON 4USE MAIN) P OAT 3

C PDATA SELECT$ AND WRITES DATA ON TAPCINPLOTo FOR THlE REPSIt POAT 4
C PLOTTINQ* PROCRAM POAT 5

10 GOTO I 10.40 ,5OP60 1,LINK P OAT 7
10NN3Dul POAT 11
I I-2SNSTRN.U PDAT 9IFINCYCLE *EQ. OIGOTO 15 POAT 1012 CALL SKIPFILE (NPL0T9l) PDAT 11READINPLOTD IFLAG PDAT 12IUEIFLAG .EQ. 999991GOTO 14 PDAT 13READENPLOT) IFLAG POAT 14IFEIFLAG *NE. NCONTLIlGOTO 12 POAT 1514 CALL BACKFILE- (NPLOT911 POAT 16GOTO S0 POAT 1715 WRITEINPLOTI IBCE39ETADIETADZONQNvNSTRN PDAT 18
WRITE(NPLOTI (ETAG1EI).ETAG2II),PN(1),PN41).NETAGEI)*I1,lNSTRNI POAT 19
INW1,Nit POAT 21C 

POAT 2?
DO 2S 1-1,11 POAT 23
DATE111-0.0 POAT 2425 CONTINUF DT2IFELOAD) 30#30935 POAT 26

30 DAT(SI-TNRG PDAT 27DAT(61-TNRG PDAT 28DATE? IaTNRf, POAT 29DATES )TNRG POAT 3035 IFLAG-1 PDAT 31WRITEENPLOT) IFLAG POAT 32WRITEENPLOT) NCYCLEEDAT(1 1,3-1,1!) POAT 33GOTO 100 POAT 34C 
POAT 3540 DATEIl-TIME 
POAT 36DATEZI-Di POAT 37DATE13)=02 
P0*7 38D~rE4)mD3 POAT 39DAT(i-lCINEf P0*? 40DAT(6)-STREN+C INET P0*7 41DATE 7)*TNRG P0*7 42DATlSI-DATf6)+TOAgqP POAT 43

DO 45I19NSTRN P0*7 45OAT(J)-EPSSIEI) P0*7 46DATlJ.1)-EPSS2EIl P0*7 47J-J+2 POAT 4645 CONTINUE 
P0*? 491FLAG-1 P0*7 S0hIRITEIMPLOT) IFLAG PD*7 51WRITEINPLOT) NCYCL69EoATII),I1,I:)t POAT 52C CHECK FOR 30 PLOT P0*7 53IFINCYCLE oNE. NC3LPENN3D))GOTO 100 POAT 54MN3ONI430+1 PDAT 55IFLAG-2 P0*? 56MRITEENPLOTI IFLAG P0*7 57

WRITEENPLOT) NCYCLrtTlNE,~lN1,N1,EYlENNYZINN).Y3EN,9N),P=16Nl) P0*7 56
I~m~NI)P0*7 59GOTO 100 P0*7 60

202



c O 0 FL N.PLOT PDAT 61
PDAT 62

SOTO 100POAT 63c60 IFLA~a99999 PDAT 64

WRITEINPLOTI IFLAG PDAT 65
INDPOAT 66

POAT 68

2()-



SUBROUTIENE PRESS **COMMON IUSE MAIN) PIES 2COMMON /IPR/ RSQIZ3,341 PIES IDO 10 Mft2,MS PIES 4DO 10 N-Z,NS PIES sr1uISO~tEIRSQfM.N).zz5.0)-15.0)/1
44 000.0 PRES 6

PIMM)A~gPIES 7IF(TIME .LT. T1)GOTO 10 PRES aP(MN#NuS50473?.5*EXPI-13000.0.ITIME..T, II/(ISQIM.N)422s.o) PIES 910 CONTINUE PIES 10R ETURN PIES 11END PIES 12
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SUBROUTINE INGEOM 0*0* 1
C FLAT PLATE INGE 2

COMMON IUSE MAIN) INGE 3
COMMON /3PR/ RSOI23934) INGE 4
REAL LENGTH INGE 5

C INGE 6
READ 1591001 LENGTH*WIOTH INGE 7
DETA1oWiOTHIFLOATIMESH) INGE 8
DETA2wLENGTH/FLOAT NMESH) INGE 9

C INGE 10
00 10 Mw2vMI INGE 11
D0 10 NmiN| INGE 12
flIMNlmFLOATIM-2)*OE TAI INGE 13
Y2(M,.N)-FLOAT(N- )*OETA2 INGE 14
Y34M*N)=O.O INGE 15
RSQ(h'NI-YIIMN)**2*4Y2(4MN)-LENGTHI*S? INGE 16

10 CONTINUE INGE 17
RETURN INGE 16

C INGE 19
100 FORMATI2EI0,9) INGE 20

END INGE 21
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C CYLIN4DER *0

C IN4GE 6

OETA2aLENGTN#FLOATINMESH) 
IG00 10 M.?,NIINE1

fTA1w1FL0ATIM-2)*VDTA1 
INGE 110

EIA2m&FLOAT4N-11~0DETA2NG 
13VIIMtN)4ftAOIQS*SIN1 ETA~lRAOIUS) 

IN4GE 1'.Y2IMNlNukTAi 
1INGE is

10CONTINUE 
NE1c kTR 

INGE IsETDwCU*RDlSDO 
INGE 19

100 FORMATI)EI2.6, 
NE 2ENU NE2
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c CONICAL. SHELL IWE 2

C ~INGE
AfrnAwATAk$SCRA0-RA0I I/LfNGTHI I GI *
SMALPaS INIsALPAP IW0
CXALP.1 .OASEWAI. 

INGE 10CSIALFP1UL1I'SM/RAOF-RA01 I lI eGE itFEIFA1PA0ISTHqgTA*T0la 
I'4C1 12I"I"ASH onl. OLGOTO I lINGE 13ESA2l6o.0 
I MGM If#fIAZrfSIAoneCSCAL FOALM6oteAlw /Iaoa I 146 1 iG6410 2 lINGE 16I IIAZlagADINCSCALF 
I WOE I?E902FONA061CSCALF 
lIeG 16i2 06V1t10TA1P/paLOATl.,uSeg INGE 19

O441ftlmM~bROSlpALpF/tAot a NGE 22
"maqwl 

I eWi' 24*INOTHITA .1sT. XSO0.OIGOTO S lINGE 29"N4610003/1 
lINGE 26

N.*UNW1 INGE 27

lNO20ft .0. 09*21 %usk1*0e12 I WOE 29S of 10 "Miami 
11 eleG s0CHIR2OPL@AT00-1 I*0C~lCH2*v.ell IN"E 31

rbw~~llINGE 32154HASH .6w. 03 fl~uENPIC"Jla lI WA 33of 10 in29Nu lINGE 94C0e11uPLOATIN-uLeOPCiI1 
lINGE 35

I NGE )I

l4eGE 36is C"eTIW 
LINGE souU.LITMSTA, LT. IUG.6ur,01' So lINGE 401ea20M .Lb. 01s*21OTOo 30 1 ""E 41

0-104U 1 
LI"GE 42*

M 0 WIN -44u 
INGE '4

ma~~ eNlW lE 4r
Y14 NIel V~l N ,NIl le 4920~~~ ~~~ ~ ::"11VONO)1" 4

30 D 40 1109111 1 WE sDO 40 UNMI.NS,4 14 St1wqNs*z-n 
INGE 52~RdN.e1.v~~a~F M"e 53YIINIelY~l~OI WOeE 5440 Y3NIl-~~,g 
IN" 5SC lI GA 56CULNA0CSCAa. U.AON INGE S7EUAOI.ETAO1..Ao;eO0To 
SINGE soIMNXASW He. ISETA02-C~jICRADOALOGII.*ETAD2ICSCS0,I I N" S9Do 45 l10NSIANl SINGE *(6
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IMINAl4 oft. I WIS L 62

s~o of uft"ING
I C FoA 11.6 );" 6

Inc *t 6

__" ____?


